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CHAPTER 1
MOTIVATION & SCOPE
Gallium nitride currently is the most used semiconductor after silicon. Its characteris-
tics, which are described in chapter 2 of this thesis, even make it the preferred material
for demanding high temperature and high power applications. However, industry still
relies on low quality material made using gas phase deposition techniques. Therefore,
there is a need for better, commercially attractive, gallium nitride. Next to the in-
dustrial interest, the current knowledge of gallium nitride growth lacks a fundamental
understanding of the growth medium. Quality optimizations are mostly performed by
looking at the created material after growth, i.e. without the presence of the growth
medium. While this approach still results in quality increases, it does not answer the
fundamental question as to why this happens. Understanding this last question in
detail could lead to a much faster quality increase and commercial availability of high
quality gallium nitride substrates.
To create gallium nitride crystals with a higher quality than achievable through gas
phase deposition, researchers have focussed on crystal growth from the liquid phase.
The third chapter of this thesis describes several liquid phase growth procedures which
can yield crystals of very high quality. The problem with these techniques is that
industrial scale growth is not easily achieved. One exception can be identiﬁed. The
sodium ﬂux method, a recently discovered growth technique, could ﬁll the demand for
high quality, industrially attractive gallium nitride if the quality of the resulting crys-
tals can be increased rapidly. However, as there is no fundamental knowledge of what
happens at the atomic scale at the crystal surface during growth, quality increases of
gallium nitride grown with the sodium ﬂux growth method rely on tedious, long term
optimization strategies.
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The investigation of gallium nitride growth on an atomic level is therefore much an-
ticipated. However, the demands for such investigations are not trivial as the trial
and error techniques currently utilized have to be replaced with direct observation of
the growing crystal surface and its growth medium, better known as the solid-liquid
interface.
The solid-liquid interface is that region close to the solid surface, which has characteris-
tics diﬀering from the isolated bulk solid and the isolated bulk liquid. These diﬀerences
can have a signiﬁcant eﬀect on the transport of new growth material towards the crys-
tal. It is known that at solid-liquid interfaces often multiple atomic layers in the liquid
are ordered due to the contact with the solid and a similar eﬀect should be present in
the system between gallium and gallium nitride. If the growth medium signiﬁcantly
interacts with the crystal surface and forms a well ordered vertically layered structure,
possibly even with preferred atomic horizontal positions, growth speed and quality will
be inﬂuenced.
The problem is that gallium nitride growth from the liquid phase is performed using
liquid gallium, a metal which is not easily penetrated using conventional microscopy
techniques with atomic resolution. However, combining the high-energy X-rays from a
synchrotron source with the surface X-ray diﬀraction technique explained in chapter 4
makes it possible to study the interface with atomic detail.
To retrieve information that is not only of fundamental but also of industrial interest
the interface needs to be investigated under realistic growth conditions. This means
that a containment vessel is required which makes surface X-ray diﬀraction experi-
ments possible at high temperature and high pressure combined with corrosive gasses
and alkali metals. The design and implementation of such a chamber is described in
chapter 5. Using this chamber it is possible to investigate solid-liquid interfaces in-situ,
i.e. while the experiment is running. The beneﬁt thereof is that growth-parameter op-
timizations can be performed within one experiment and thus lead to a faster quality
increase and industrial applicability. However, creating the interface requires more
than just pouring liquid gallium on top of the gallium nitride substrate.
The fact that gallium nitride and liquid gallium do not wet unless they are forced to do
so causes problems with respect to the roughness of the crystal surface. While the in-
duced wetting of the liquid upon the solid creates the desired interface, it also destroys
the atomically ﬂat surface to a point where surface X-ray diﬀraction measurements
become very diﬃcult. Chapter 6 describes how this problem is solved and how an
atomically ﬂat solid-liquid interface, suitable for surface X-ray diﬀraction, is created.
Once the desired, atomically ﬂat interface is formed it is possible to investigate the
changes of the interface compared to both the solid and liquid bulk structures. The
non negligible amount of dimers present in bulk liquid gallium also forms a key point
of interest. The solid induced ordering of the dimers could have an enhancing or de-
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structive eﬀect on the extent of the layer formation depending on the ordering of the
dimers. In addition, if dimers are present at the interface, the preferential location of
the individual gallium atoms above the solid gallium nitride is not the only important
factor for a description of the gallium nitride growth mechanism. Also the molecular
form of the dimer, which reduces the conﬁgurational entropy of the liquid, may play
a key role in understanding the mass transport of new growth material towards the
crystal surface.
The measurement and resulting model of the solid-liquid interface between gallium ni-
tride and liquid gallium are described in chapter 7. In addition, the chapter discusses
the temperature and pressure dependence of the interface. Next to that the presence
of highly ordered dimers at the solid-liquid boundary and their temperature depen-
dent inﬂuence on gallium nitride crystal growth from the liquid phase is discussed.
The results described in chapter 7 not only enhance the fundamental understanding
of gallium nitride growth but may change the approach for parameter optimizations
in industrial growth recipes eventually resulting in more eﬃcient manufacturing of
high-quality gallium nitride crystals with, undoubtedly, a large technological impact.
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CHAPTER 2
GALLIUM NITRIDE
2.1 Introduction
Gallium nitride (GaN) is the most important semiconductor material for electronic
devices since silicon. It emits brilliant light and it is the key material for next generation
high frequency, high power transistors capable of operating at high temperatures. The
origin of these outstanding properties of GaN will be addressed in this chapter which is
largely based on chapters from [1, 2] and [3]. Furthermore, there will be special focus
on the diﬀerences, and particular advantages of GaN compared to other III-nitride
semiconductors and on its applications.
2.2 Properties
2.2.1 Structural and Thermal Properties
GaN consists of gallium and nitrogen atoms. These atoms are positioned in columns
III and V of the periodic table (see table 2.1) making GaN a so-called III–V compound
semiconductor. Nitrogen-based semiconductors in the III-V group are considered spe-
cial and are the so-called III-nitrides, mainly because of the special properties of the
nitrogen atom. The large diﬀerence in electronegativity of nitrogen compared to the
group-III atoms creates a strong chemical bond within the solids (e.g. GaN has a
bonding energy of 9.12 eV per atom pair [4]). The large diﬀerence in electronegativity
between group III atoms and N can also be linked to high values on the Mohs hardness
scale and a high melting point of the III-N materials. The main reason for the hardness
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Periodic Table of the Elements
with relative atomic masses compared to carbon (1993 according to IUPAC)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
(I) (II) (III) (IV) (V) (VI) (VII) (VIII)
1 2
H He
1.01 4.00
3 4 Atomic number 5 6 7 8 9 10
Li Be Symbol B C N O F Ne
6.941 9.01 Relative atomic mass 10.81 12.01 14.01 16.00 19.00 20.18
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
22.99 24.31 26.98 28.09 30.97 32.07 35.45 39.95
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.10 40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.39 69.72 72.61 74.92 78.96 79.90 83.80
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
85.47 87.62 88.91 91.22 92.91 95.94 (98) 101.1 102.9 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 131.3
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.9 137.3 Lu 178.5 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 204.4 207.2 209.0 (209) (210) (222)
87 88 104 105 106 107 108 109
Fr Ra Ac Rf Db Sg Bh Hs Mt
(223) (226) Lr (261) (262) (263) (262) (265) (266)
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
138.9 140.1 140.9 144.2 (145) 150.4 152.0 157.3 159.0 162.5 164.9 167.3 168.9 173.0 175.0
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
(227) (232) (231) (238) (237) (239) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Table 2.1: The periodic table of elements with gallium and nitrogen in column III and V
respectively.
is the diﬃculty in developing and displacing dislocations once the material is grown
[5].
From all possible III-V materials only the group III-nitrides possesses a spontaneously
induced electrical ﬁeld. The reason is again found in the large electronegativity of
nitrogen. Because of the 1s22s22p3 electronic conﬁguration of the N atom, or rather,
the lack of electrons occupying the outer d or f orbitals, the electrons involved in the
gallium-nitride covalent bond will be strongly attracted by the Coulomb potential of
the N atomic nucleus. This means that the III-N bond will have a much stronger ionic-
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ity compared to other III-V covalent bonds. The ionicity even results into macroscopic
polarization if the crystal lacks inversion symmetry, which is the case for wurtzite III-
nitrides, even in the absence of crystallographic strain.
Since this polarization eﬀect occurs while the lattice of the III-nitrides is in equilib-
rium, i.e. at zero strain, it is called spontaneous polarization. The direction of the
spontaneous polarization in wurtzite III-V nitrides is the c-direction (c = [001]) [5]
which is beneﬁcial for GaN high power transistor applications. More will be discussed
in section 2.3.
The same electronegativity of nitrogen also causes GaN’s high chemical stability, even
at elevated temperatures. Combined with its hardness, GaN becomes an attractive
material for protective coatings. Because of its large bandgap energy, discussed in sec-
tion 2.2.3, it is also an excellent candidate for device operation at high temperature
and in harsh environments. As a matter of fact, the majority of GaN researchers are
currently interested in semiconductor device applications.
The stability of GaN means that it is an ideal material in harsh environments, however,
the stability presents a technological challenge as well. For instance, GaN is insolu-
ble in H2O, acids and bases at room temperature, preferred media in semiconductor
processing [6]. The dissolution in hot alkali solutions [7] poses another problem: crys-
tallization of GaN from stoichiometric melts (industrial growth modes like Czochraski
or Bridgman) are virtually impossible, and other techniques, often requiring harsh and
diﬃcult to control environments (see chapter 5), must be applied to produce GaN.
All III-N semiconductor materials crystallize in three crystal structures: the wurtzite,
zincblende and rocksalt structure. At ambient conditions, the thermodynamically sta-
ble structure for bulk GaN is the wurtzite form. It is characterised by hexagonal
lattice parameters, a = b and c, as depicted in ﬁgure 2.1. The wurtzite structure has
a hexagonal symmetry and each gallium atom is coordinated by four nitrogen atoms.
Conversely, each nitrogen atom is coordinated by four gallium atoms. This is easily
visible when showing several unit cells (2.1(a)). The primitive unit cell itself does
however not show the 4-fold coordination (2.1(b)). There is no inversion symmetry in
the lattice along the c-axis or the [001] direction, which by convention is the direction
shown by a vector parallel to <001> pointing from the cation (gallium) to the nearest
neighbor anion (nitrogen). Due to the lack of inversion symmetry, all atoms in a plane
perpendicular to the c-axis are the same and alternating gallium and nitrogen. Hence,
wurtzite GaN has two distinct crystal faces, (001) and (001), these faces are commonly
known as Ga-face or (0001) or Ga-polar and N-face or (0001) or N-polar, respectively,
and are depicted in ﬁgure 2.2.
In contrast to the wurtzite structure, the less easily synthesized, metastable zincblende
and rocksalt polytypes are less common. They have cubic symmetry and are mainly
synthesised on cubic lattice planes of substrates such as Si, MgO and GaAs. In these
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(a) (b)
Figure 2.1: (a): The GaN wurtzite crystal structure showing its hexagonal symmetry and
the 4-fold coordination of the atoms. The unit cell is indicated in dashed lines (b): The GaN
unit cell.
Ga-face N-face
[0
01
]
[0
0
]1
Figure 2.2: The crystal faces of wurtzite (00±1) GaN. In black: Ga, and gray: N.
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cases the topological compatibility of cubic GaN with the cubic lattice of the substrate
overcomes the intrinsic tendency to form the wurtzite GaN structure [7]. Luckily, most
applications can be realised using the cheaper and more easily synthesised wurtzite
crystal structure without consequences, which is why this thesis will be limited to the
description of wurtzite GaN.
2.2.2 Differences between [001] and [001] wurtzite GaN
As mentioned above, the bulk GaN crystal contains a polar axis along the c-direction.
This means that when looking in one direction along the c-axis the crystal is diﬀerent
compared to looking in the other direction. Consequently, the crystal’s surface also
has to change. On the [001] side the crystal is terminated by Ga atoms while on
the [001] side the crystal is terminated by N atoms. An inherent change of surface
properties is therefore quite clear. For instance, growth of new GaN material on the
Ga terminated side of the crystal is for any growth technique considered easy and
results, in most cases, in high quality single crystalline material. However, growth of
signiﬁcant amounts of material on the N terminated side of the crystal cannot yet be
controlled in detail. Most often the growth on the N-side is unstable and results in
columnar growth and parasitic deposition on the surface leading to low quality material
unusable for industrial purposes (ﬁgure 2.3).
Figure 2.3: The polarity of the GaN substrate dictates the quality of the GaN grown on
top. Left: GaN growth on top of [001] GaN, the newly formed material is grown layer by layer
following a step-flow growth mode. Right: GaN growth on top of [001] GaN, the newly formed
material is not single crystalline and consists of individual columns and parasitic domains.
Images courtesy of Unipress Warsaw, unpublished.
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Table 2.2: The band gap of III-nitrides in wurtzite structure [3, 11, 12] **:TlN is not yet
synthesized, the value is obtained trough DFT calculations [13].
BN AlN GaN InN TlN
Bandgap Eg (eV) 300K 5.96 6.2 3.44 0.7 0.0**
There are numerous studies trying to optimize growth on N-terminated GaN, most of
the time utilizing parameter variations to ﬁnd optimal growth conditions. However, the
reason for the dramatic change in growth is not much studied besides using molecular
dynamics. One of the reasons could be the very large energy gain when adding 1 layer
of Ga atoms on top of the N terminated crystal [8]. Since this last layer of Ga atoms
occupies the normal crystallographic position according to Smith et. al. [9], it should
therefore be easy to continue growth by adding a N layer. However, additional N-
atoms are initially not stabilized in the horizontal plane and the highly electronegative
N atom causes the bonding electrons to be far away from the bulk crystal. With 3
additional lone pairs per N atom and bonding electrons far away from the bulk a N
terminated conﬁguration, and therefore growth, is very unfavorable and this can be
a good reason for the diﬃculty in controlling GaN growth on (001) terminated GaN.
Low temperature surface reconstructions [9] are not considered to cause any change in
growth mode since growth virtually always uses temperatures where reconstructions
are not stable anymore and the surface adopts a near bulk structure.
2.2.3 Optical Properties
Besides the strong chemical bonding within GaN crystals, GaN has another big ad-
vantage compared to other semiconductors, a wide band gap. The energy band gap
speciﬁes the energy diﬀerence between the highest valence electron energy state (valence
band maximum) and the lowest conduction energy state (conduction band minimum).
GaN has a band gap signiﬁcantly larger than 1 eV and is therefore called a wide band
gap semiconductor. Devices made of these types of semiconductor material permit
operation at frequencies, voltages and temperatures far exceeding conventional semi-
conductor materials like silicon or GaAs. GaN, with its wide band gap of 3.44 eV at
300 K [10] is therefore the substrate which makes violet (405 nm) laser diodes possible,
without use of more expensive and less energy eﬃcient nonlinear optical frequency-
doubling. The energy band gaps of the III-nitrides are listed in table 2.2.
The band gap of GaN causes it to be a violet light emitter, however if one could change
the band gap, the color of the emitted light can be manipulated. In reality this can
be done by forming alloys consisting of Al, Ga, In and N. Therefore, the production
of good lattice-matched ternary and quaternary alloys associated with the Al-Ga-In-N
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system opens up the opportunity to cover the entire visible spectrum for opto-electronic
applications, as shown in ﬁgure 2.4 [14]
Figure 2.4: Band gap energies versus the a0 lattice constants of the III-nitride semiconductors
[15].
2.3 Applications
Three group III-nitrides can be combined to form materials that can emit or absorb
light in and around the optical range. By making solid solutions from AlN, GaN and
InN one can precisely control the band gap of the resulting material ranging from infra-
red to deep ultra-violet (see ﬁgure 2.4). This sparked the development of opto-electronic
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devices, including applications such as short-wavelength laser diodes and light emitters
in emerging technologies like optical storage and full-color displays [16]. The additional
high thermal conductivity and the possibility of heterojunction-based devices [17] also
sparked research into a lot of interesting applications in high-temperature, high-power
electronics. Some applications are discussed below.
2.3.1 LEDs and Laser Diodes
One of the most visible applications of GaN is the use in light emitting diodes (LEDs)
and lasers. Eﬃcient red, yellow and somewhat less eﬃcient green LEDs existed for
several years before GaN light emitters were developed. The ﬁrst report on a GaN
based blue LED originates from 1972 [18]. The advent of bulk GaN growth in the late
1980’s yielded the demonstration of high-brightness blue LEDs in 1993 [19] which lead
to the Nobel Prize in Physics awarded to Akasaki, Amano and Nakamura in 2014.
Indeed the invention of GaN-based blue LEDs was of prime importance. The additional
possibility to change the band gap by adding indium also created eﬃcient green LEDs
which were not yet available. The presence of these GaN-based eﬃcient LEDs therefore
opened the road for strong, energy eﬃcient, and reliable green, blue and (ultra)violet
light sources, but more noticeably, full color displays based on LED technology are
now readily available on the market. Additionally the creation of GaN based short
wavelength LEDs lead to the replacement of the tungsten light bulb and even compact
ﬂuorescent lamps (CFLs) for their high energy savings.
Next to LEDs the development of GaN based laser diodes has also justiﬁed itself. The
wavelength range, intensities and lifetime of continuous wave, room temperature, solid
state GaN-based lasers have increased impressively since their introduction in 1996
[20]. The markets for blue/green, blue and violet GaN lasers are exploding due to
their ability to increase the storage density on optical disks. Using red 650 nm lasers
limits a standard DVD disk to a storage capacity of approximately 4.7 GB. However,
the use of violet 405 nm GaN based lasers increased this to 25 GB on a standard
Blu-Ray disk, an increase of about a factor 5.3 which was very much welcomed by the
movie and game industry applying it commercially in Blu-Ray disk technology and in,
for instance, the latest Sony PlayStation game consoles.
A detailed description of the operation of GaN-based LEDs and laser diodes is beyond
the scope of this thesis, however a thorough overview of available literature is given by
Nakamura et al. [20].
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2.3.2 Transistors
The fundamental building block of modern electronics is a transistor, the discovery
of which lead to the Nobel Prize in Physics in 1956. It is a device made of semicon-
ducting material which is used to amplify and switch electronic signals and electrical
power. The polarization of the III-N semiconductor materials, described brieﬂy in
section 2.2.1, plays an important role for the eﬀectiveness of a transistor. A change
in the electric ﬁelds changes the shape of the band edges and the carrier distribution
inside the semiconductor. Therefore, the electrical properties of transistors can easily
be changed by spontaneous as well as piezoelectric polarization of the crystal structure.
The polarization properties of III-N materials depend on several things. The most ob-
vious being the species used from group III in the periodic table. A diﬀerent element
with a diﬀerent electronegativity will obviously change the polarization of the III-N
bond. Therefore, there are some important diﬀerences between defect free AlN, GaN
and InN which are listed in table 2.3.
Table 2.3: Ratio of the lattice parameters (ideal wurtzite c/a=1.6351), spontaneous polar-
ization Psp and piezoelectric constants (e33, e31) for different III-N semiconductors [21]
AlN GaN InN
c/a[21] 1.6190 1.6336 1.6270
Psp(C/m
2) −0.081 −0.029 −0.032
e33(C/m
2) 1.46 0.73 0.97
e31(C/m
2) −0.60 −0.49 −0.57
The ideal wurtzite structure is stress free because all bonds have the same length and
equal angles. Any deviation from the ideal structure leads to spontaneous polarization.
Because GaN has a lattice parameter ratio c/a which is close to the ideal wurtzite struc-
ture (c/a = 1.6351), it has the lowest amount of spontaneous polarization of the III-N
species. Additionally, the piezoelectrical constants of GaN are smaller than those of
InN or AlN. Changing the stoichiometry from GaN to either InN or AlN, consequently
leads to an increase in spontaneous as well as piezoelectrical polarization.
This increase in polarization is maximized when considering a change from GaN to
AlN and if the change from GaN to AlN is abrupt, which is the case for heterojunction
structures. The abrupt polarization change at the heterointerface needs to be taken in
account for proper calculations of band edges and carrier conﬁnement in the junction
[22].
AlN has a low critical thickness when grown on GaN [23]. This critical thickness is
the maximum thickness of a layer of material (X) atop a thicker layer of material (Y)
for which the lattice parameters of material X take the values of material Y. Above
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the critical thickness the lattice parameters of material X gradually approach the bulk
monocrystalline values due to misﬁt dislocation formation. The low critical thickness
is caused by the quite large lattice mismatch between AlN and GaN of 2.5% [24] which
results in practice in a mostly strained AlxGa(1−x)N alloy layer on top of GaN (further
called: AlGaN/GaN structure).
At the interfaces of these structures the strong electric ﬁelds can enhance electron or
hole accumulation: As shown in ﬁgure 2.5 it is possible to induce positive (+σ) or
negative (−σ) charges at the AlGaN/GaN interface by changing the polarity of the
stacked layers. A polarization induced positive charge (+σ) tends to be compensated
by free electrons (ﬁgure 2.5a) which form a two-dimensional electron gas at the inter-
face. This eﬀect can be enhanced by growing a highly tensile-strained AlGaN layer
(ﬁgure 2.5b) with a high Al content. For N-polar material the polarization induced
charge is negative (−σ), so it will cause an accumulation of holes (ﬁgure 2.5 c and d)
at the heterojunction interface [25].
Devices based on this concept are called heterostructure ﬁeld eﬀect transistors, or high
Figure 2.5: Spontaneous and piezoelectric polarization in Ga-face and N-face AlGaN/GaN
heterostructure junctions [26].
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electron mobility transistors (HEMTs) in which the interface of a heterostructure, in
this case AlGaN/GaN, is used to control a channel for freely moving electrons. Due
to the spontaneous and piezoelectric polarization at the interface, it itself creates a so
called depletion zone, also described as a triangular energy pit under the Fermi level
(see ﬁgure 2.6b), where one side of the interface takes up excess electrons from the
other side of the interface to ﬁll its holes. This process creates an equilibrium where
new electrons don’t reach the other side of the interface anymore. The transistor is in
an “oﬀ” state. To switch the transistor to the “on” state, a large enough voltage has
to be applied to the depletion zone. Electrons can then be pulled across the natural
barrier and can theoretically move freely trough the transistor as a two dimensional
electron gas (2DEG). However, turning the voltage oﬀ will quickly switch the transistor
towards the “oﬀ” state. The precise location for the conﬁnement of electrons (or holes)
in the AlGaN/GaN heterostructure depends on the polarity of the material, as depicted
in ﬁgure 2.5. The schematic diagram of ﬁgures 2.5 a, b, d and e however, represents
merely the basic model of the perfect HEMT structure based on a two dimensional
electron gas and two dimensional hole gas, respectively. The actual construction of the
standard HEMT structure based on a AlGaN/GaN layer with Ga polarity grown on a
sapphire substrate is presented in ﬁgure 2.6.
In this structure an electric ﬁeld, originating from a voltage diﬀerence between the
Figure 2.6: (a): Schematic of the standard HEMT structure. (b): The corresponding band
diagram. The vertical arrows in the left image show the direction of spontaneous and piezo-
electric polarization in the structure. In the right image Eg1 and Eg2 represent the bandgaps
of AlGaN and GaN respectively, while Ev, Ec, Ef , ED and ∆Ec show the energies of the va-
lence band, conduction band, Fermi level, donor state and the effective energy barrier height,
respectively [3].
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source and drain contacts, directs the carriers at the AlGaN/GaN interface from one
side to another and thereby the carriers reach the extremely high electron (or hole)
mobility that gives the transistor its name. Because the structure is based on polariza-
tion eﬀects, there is in principle no need for the application of doped materials. More
complicated HEMTs, however, are constructed with intensionally doped materials and
well deﬁned strains (like depicted in ﬁgure 2.5) to operate at even higher power levels
and frequencies.
CHAPTER 3
GALLIUM NITRIDE GROWTH
TECHNOLOGIES
3.1 Introduction
As described in section 2.2.1, GaN growth from stoichiometric melts is virtually im-
possible. Other growth techniques must therefore be applied to produce GaN. This
chapter, which is based on chapters from [1] and [27], will focus on growth mecha-
nisms that produce very high quality GaN material which can yield (virtually) perfect
crystals.
3.2 High Nitrogen Pressure Solution Growth
The Institute of High Pressure Physics of the Polish Academy of Sciences in Warsaw,
Poland, has developed a technique to grow bulk GaN platelets. With their so called
high nitrogen pressure solution growth (HNPSG) method [4], GaN is crystallized us-
ing only liquid Ga and high pressure N2 in chambers with volumes up to 1500 cm
3.
Specialized crucibles can be placed inside the chamber to grow single crystal GaN on
seed material, these crucibles can reach working volumes of 100 cm3. The pressure
chamber is heated by a multizone furnace to allow thermal gradients in the chamber.
Additionally, the chamber is equipped with systems for in-situ annealing in vacuum,
electronic programming and stabilisation of pressure, temperature and cooling of the
pressure chamber. Platelet size bulk crystals are produced from gallium melts satu-
rated with 1 at.% nitrogen at temperatures up to 1700 ◦C and nitrogen pressures up
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Figure 3.1: The phase diagram of GaN under high pressure and temperature. Solid cir-
cles and triangles denote the pressure and temperature conditions at which GaN decomposes
and congruent melting occurs, respectively. The decomposition temperature increases almost
linearly with pressure. Congruent melting occurs above 60 kbar. The thick dashed line is a
hypothetical phase boundary between Ga + 1/2N2 and liquid GaN [28].
to 20 kbar, both well below the point of congruent melting visible in ﬁgure 3.1. The
very narrow X-ray rocking curve widths for all crystal planes, low dislocation densities
and negligible strain prove that the structural properties of the crystals are excellent.
However, the optical and electrical properties of the bulk crystals are poor compared
to heteroepitaxial GaN layers. These poor properties are a consequence of high con-
centrations of residual impurities (oxygen, carbon) and large amounts of point defects
which are believed to originate primarily from Ga vacancies [4].
When applied as a seed crystal for diﬀerent GaN growth techniques, the perfect match-
ing of thermal expansion coeﬃcients and the extremely low dislocation density of
HNPSG substrates (up to 8 orders of magnitude less than heteroepitaxially grown
GaN layers) could yield state of the art devices. The size of the resulting crystals is
being addressed and crystals with a diameter of several centimeters are produced since
a couple of years [29]. However, at present the volume of production is limiting their
use to academical and industrial research only [30].
3.3 Ammonothermal Growth
The HNPSG method has been for years the only way to get GaN crystals of extremely
high quality. A new technique, available since 1992, is now competing. Ammonother-
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mal Growth of GaN is able to deliver commercial high quality bulk crystals. The idea
of the ammonothermal technique was inspired by the successful mass production of
quartz using a hydrothermal technique in which supercritical aqueous solutions are
used for the recrystallisation of silicon oxides. Analogous, ammonia can be used in-
stead of water to grow nitrides instead of oxides.
The typical temperatures and pressures used in the ammonothermal growth process
are 400–600 ◦C and 1–3 kbar, respectively. The scheme of the crystal growth process,
visualized in ﬁgure 3.2, is the following: very pure polycrystalline GaN is dissolved in
one zone of a high-pressure autoclave, then a temperature gradient in the autoclave in-
duces transport by convection towards a second zone, where GaN crystallises on native,
high quality, single crystalline seeds due to the temperature induced supersaturation
of the solution. In addition, the use of mineralizers is necessary in order to enhance
the solubility of GaN in ammonia. In the case of an ammonobasic environment of
ammonothermal growth, NH−2 ions (for example in the form of NH2Li or NH2K [31])
are introduced as mineralizer into the solution, while NH+4 ions (NH4Cl, NH4Br, NH4I,
NH4F [32]) are added in case of an acidic environment.
It was reported that the ammonothermal method works both in the ammonobasic [33]
and the ammonoacidic [32] regime. Growth takes place on both the Ga and the N-face
of the GaN seed crystals with a growth rate up to 300 µmd−1 [32].
Some important details of the two approaches are diﬀerent. The main being that for
ammonobasic growth the diﬀusion of material goes from low to high temperature (ﬁg-
ure 3.2), while in ammonoacidic growth this situation is reversed. The acidic growth
requires additional coating of the interior of the autoclave to avoid corrosion by the
strong acidic environment. A further beneﬁt of the basic growth mode over the acidic
one is that ammonobasic growth yields pure hexagonal crystals while ammonoacidic
growth yields either hexagonal or cubic GaN depending on the growth conditions. Since
hexagonal GaN is utilized in virtually all industrial applications at the moment, and
due to the fact that ammonoacidic growth is less safe because of the corrosive growth
environment, the ammonoacidic growth method is almost never used in production
environments.
The growth of III-nitride bulk crystals from solution in an autoclave has several ad-
vantages over other growth techniques: the equipment is relatively simple and can be
scaled up easily while using lower temperatures than other techniques yielding compa-
rably high quality single crystals of similar size. Additionally, growth can be performed
on multiple seeds simultaneously. The slow growth rate is one of the disadvantages of
this method, however. Especially growth in the lateral direction is diﬃcult. Enlarg-
ing the surface size of crystals is therefore complicated. At the moment ”test grade”
quality 2 inch crystal wafers are becoming commercially available. Moreover, the avail-
ability of high quality seed crystals is limited. These seed crystals are produced along
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Figure 3.2: Schematic of the Ammonothermal bulk-growth method from ammonobasic solu-
tions. The colored bar in the left represents the temperature gradient: Red – highest temper-
ature, Blue – lowest temperature. The mass transport is driven by natural convection, where
the high-temperature zone with seeds is placed below the low-temperature zone with feedstock
leading to an efficient recrystallization process [33]. The ammonoacidic growth is performed in
the same way except for a reversed temperature gradient.
side normal crystals, reducing the total sellable yield of one growth run. However, if
available, hundreds of templates or seeds can be loaded at the same time and grown
simultaneously [30].
To partially overcome the slow growth rate of the ammonothermal method, recently
an eﬀort was made to combine ammonothermal growth with Hydride Vapour Phase
Epitaxy. Using this combined growth it was possible to create in one hour several
mm thick 1 inch diameter wafers of a quality approximately equal to the starting am-
monothermal substrate [34]. At the moment however, this result remains a proof of
principle only due to the contractual limitations on ammonothermal wafers.
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3.4 Na–Flux Growth
The sodium (Na)-ﬂux method in its original version is one of the older approaches to
grow GaN. However, a relatively new development is the Na-ﬂux method as a liquid
phase epitaxy (LPE) variant. Na is up to now the most used solvent (ﬂux). However,
several other group-I and -II elements (e.g.: Li, K, Ca, Sr and Ba) have been used to
replace Na to study their eﬀects on the crystal formation.
Major improvements in terms of crystal size, quality, and scalability of the crystal
growth system have been reported by a group from the department of electrical engi-
neering of the Osaka University in Japan. The ﬁrst growth of a 2-inch size GaN crystal
has been reported in 2006 [35]. This section will ﬁrst brieﬂy describe the historical de-
velopments in the Na-ﬂux technique which where mainly pushed by the Osaka group.
After the historical overview the text will focus on the growth technique itself and its
industrial potential.
3.4.1 A brief history
In the mid-1990s Yamane et. al. have observed that the synthesis of ternary nitrides
like Ba2ZnN2 and Sr2ZnN2 from a Na-ﬂux sometimes yielded hexagonal GaN crystals
as stable phase [36]. Zooming in on the preparation of GaN crystals using Na-ﬂux
trough the use of a very volatile Na source (NaN3) they were the ﬁrst group to report
the growth of hexagonal GaN crystals up to 2 mm in size in 1997 [37]. They used
sealed steel tubes pressurized with nitrogen at high temperature and found that a high
Na content was required to form GaN. Additionally it was reported that for increasing
temperature the formation of GaN required less Na and the resulting size of the GaN
crystal increased when the amount of Na in the Ga–Na solution was lowered.
The crystal size was further increased to 3 by 5 mm platelets and bulky prismatic
crystals which measured 1 mm along the c-axis [38]. The average growth rates were 14
and 2 µmh−1 along the c direction for the platelets and prismatic crystals respectively.
Sodium was later speculated to act as a catalyst for the dissociation of N2 molecules
into N ions by donating electrons [39]. Consequently, a high content of Na would ac-
celerate the introduction of N ions into the Ga–Na melt where Nax–(GaNy) complexes
would be formed. This phenomenon has been further investigated [40, 41] in which it
was concluded that N2 would be ionized at the gas–liquid interface of the Na ﬂux at
T > 900K and successively entered into the Ga–Na ﬂux. Pressure is also promoting the
solubility of N ions. The additives Ca and Li in the Ga–Na ﬂux improve the quantity
of dissolved N by the formation of a metastable phase in the ﬂux, thus decreasing the
N activity.
The above mentioned research is focussing on growth using spontaneous nucleation,
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however, at the same time seeded growth got its fair share of attention. The growth
rate for seeded growth was increased to about 2 µmh−1 though it is assumed to be
higher because of initial dissolution of the seed crystal [42]. Growth temperature and
pressure were T = 900◦C and 0.8 ≤ P ≤ 7MPa of N2 for 72 hours and the Ga melt
was heated in Na vapour, which forms the Ga–Na melt.
The ﬁrst report by the Osaka group was published in Japanese in 1998 [43]. In order to
increase the crystal size as well as obtain oriented crystals, the LPE technique employ-
ing a substrate was used successfully [44]. The presently largest GaN crystal grown by
the seeded Na-ﬂux method without using coalescence techniques was produced at the
Osaka University [41, 45] and is depicted in ﬁgure 3.3(a). The presently largest bulk
crystal is coming from the same university and is depicted in ﬁgure 3.3(b). Several
Figure 3.3: (a): A 2 inch diameter GaN crystal grown homoepitaxially on a (001) HVPE-
GaN substrate using the Na-flux method [41]. (b): A 1 cm diameter bulk GaN crystal grown
using the Na-flux method [46].
improvements were made to the overall growth rate by changes in the growth mecha-
nism. In 2003 [47], the ﬂux-ﬁlm-coated LPE method was introduced and recently this
was combined with intentional masking of heteroepitaxial GaN using thin sapphire
wafers with holes to form the Na-ﬂux point seed technique [48]. Additionally there
are some attempts using alkaline and earth alkaline salts to improve the solubility of
GaN in less harsh environments. As appealing as they might be, it must be noted that
apart from the technology currently under development at the Osaka University, bulk
GaN crystals of suﬃcient size by the Na-ﬂux or related ﬂux methods are yet to be
demonstrated.
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3.4.2 Experimental Conditions for the LPE Growth of GaN by the Na-
Flux Method
Experimental conditions are typically subject to modiﬁcation in order to target a spe-
ciﬁc goal like doping or control of morphology. Basically, the following procedure is
employed according to [45]: starting materials are Ga and Na, both placed in an alu-
mina crucible. A GaN/Al2O3 template would serve as seeding substrate and is placed
at the bottom of the crucible prior to ﬁlling with the starting materials. A stainless
steel tube resistant to high temperature and pressure is housing the crucible. The
before mentioned steps are carried out in a glove box under Argon (Ar) atmosphere
to prevent the oxidation of Na. Next, the steel tube is pressurized with N2 gas and
heated in an electric furnace. GaN crystals are typically grown in the Ga–Na solution
by maintaining the temperature (around 850◦C) and pressure (around 5 MPa) over the
entire growth time. After the growth has been completed, the tube is taken out from
the furnace to remove the crucible, and the Na is dissolved in cold ethanol and water.
Careful handling is required to prevent a strong reaction of the Na while the remaining
Ga can be removed with ethanol and hot concentrated hydrochloric acid.
3.4.3 Industrial Potential
The Na-ﬂux method has proven the possibility to grow GaN crystals under relatively
mild conditions with respect to pressure and temperature, i.e., P ≤ 10 MPa and
600 ≤ T ≤ 900◦C, respectively. The growth rate of up to 30 µmh−1 seems reasonable
for industrial production purposes, particularly in the light of the intrinsically lower
growth rates for growth techniques from the solution. The structural quality certainly
can be further improved, especially in the view of single crystallinity and related grain
boundaries for the wafer-sized area.
A critical issue in terms of industrialization of the Na-ﬂux technology, essentially for
all technologies considered to produce GaN crystals for GaN wafer fabrication, is the
feasibility for upscaling in order to achieve a high crystal throughput, which would
positively aﬀect the cost per epi-ready GaN substrate. The ammonothermal technique
seems to be most promising in this regard. In fact, the cost for an epi-ready GaN
substrate is an increasingly important issue considered by device makers as it covers
the largest fraction on the cost for a mass-produced GaN-based device. The cost for an
epi-ready GaN substrate has to compete with that for the widely used sapphire-based
templates which can produce high-quality GaN devices through sophisticated template
technology in combination with epitaxial lateral overgrowth (ELO).
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3.5 Quality and Growth Concerns
The quality of GaN is a much discussed subject in virtually every description of exper-
imental work. Several techniques are used to indicate how good the crystals described
in the report perform. There are groups making use of Cathode Luminescence, Photo
Luminescence, X-ray Rocking Curves of one or more speciﬁc Bragg peaks, X-ray re-
ﬂectivity, Raman Spectroscopy, Defect Selective Etching, Photo Etching, Atomic Force
Microscopy, Energy Dispersive Spectroscopy and Scanning Electron Microscopy, just
to name a few. All these characterization techniques can be performed ex-situ and give
information on the crystal; some of them focussing on the optical quality while others
focus on the crystal surface or the bulk crystalline quality.
Though the ex-situ characterization of crystals is certainly able to improve crystal
quality, time-wise it is not very eﬀective. The most eﬀective way of saving time on
sample characterization would be to study the crystal properties in-situ. If the quality
of the newly formed material can be measured while growing it, parameter studies
optimizing the crystal quality can be performed much faster compared to a crystal-
by-crystal parameter-by-parameter ex-situ approach. A combined study, e.g. a crystal
with a temperature gradient which is studied locally to investigate the temperature
dependence at otherwise constant pressure, might speed up the quality optimization.
This approach still has to be repeated for diﬀerent pressures however, while an in-situ
approach does not face this problem.
In-situ analysis is however not easy. It demands adaptations, often quite rigorous, of
the environment in which is worked, after all it has to be altered in such a way that
the sample becomes accessible. Additionally, the in-situ analysis might hamper the
use of methods that have been proven to be beneﬁcial to the quality of the product
under investigation. For instance, the relatively fast rotation of a growing crystal in
liquid phase epitaxy experiments, often more than 100 rotations per minute [49], will
most certainly be a cause for turbulence, vibrations and oscillations which makes the
study of a speciﬁc Bragg peak, even on the specular rod, virtually impossible due to
alignment issues. Gathering information on the defect density and/or stress in the
crystal by studying a speciﬁc Bragg peak [50] is therefore only possible after reducing
the rotation speed which will lead to crystals of lower quality.
Even though it is diﬃcult, there are several reasons why one would choose to study
the crystal properties in-situ. As said before, saving time is one of the most obvious.
Another reason would be to study not only the crystal but also the medium in which
the crystal is growing (see chapter 7) which is by deﬁnition impossible ex-situ. The
additional information, for instance the preferential order of the liquid close to the
growing interface, can help to understand why certain things do or do not work as
expected. For instance, growth of a crystal might be hindered if the liquid growth
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medium does not “like” to order in the way it has to, to be incorporated into the crys-
tal. Furthermore, a so-called “shut-oﬀ” eﬀect [51] can be avoided. In solution growth
the “shut-oﬀ” eﬀect is reducing the quality of the surface of crystals. The eﬀect is
caused by removal of a crystal from a growth solution, a (super)saturated ﬁlm on the
substrate will remain on the surface which, due to evaporation of the solvent, creates
unwanted surface artifacts. In the case of GaN growth in gallium, liquid gallium will
not evaporate. Shutting down growth however means cooling down the sample cham-
ber which increases the saturation of the solvent, leading to artifacts on the surface.
Removing the nitrogen before cooling down is no good solution either since this causes
unwanted etching of the crystal surface.
To study both a growing crystal surface and the adjacent region in the growth medium
both in-situ and on an atomic scale not many techniques are available. In fact, all
of the techniques mentioned above with the exception of the X-ray applications, and
possibly atomic force measurements are virtually impossible in-situ.
The description of in-situ X-ray measurements can be found in chapter 7, to understand
that chapter however, an introduction to surface X-ray diﬀraction is needed.
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CHAPTER 4
X-RAY SCATTERING FROM
SOLID-LIQUID INTERFACES
4.1 Introduction
X-ray scattering from solid-liquid interfaces is nothing more than surface X-ray diﬀrac-
tion in a medium other than vacuum or air where the atoms or molecules in the medium
are able to occupy a preferential position above the solid surface. As a consequence an
explanation of surface X-ray diﬀraction preceded by bulk diﬀraction and diﬀraction by
a single layer, all mostly based on [52], is needed to understand what happens during
diﬀraction at a solid-liquid interface.
4.2 X-rays and Diffraction
X-rays were discovered by Ro¨ntgen in 1895 [53]. In 1912, X-ray diﬀraction was demon-
strated for the ﬁrst time, the experiments done by Friedrich and Knipping (ﬁgure 4.1)
and the theory developed by Laue [54]. Since then X-ray diﬀraction has become the
most prominent technique to determine the atomic structure of crystals.
It would take almost a century until in 1981 the ﬁrst surface X-ray experiments were
performed [55]. The weak scattering of X-rays was the main reason for the “delay”.
Compared to a bulk crystal, the scattered intensity from only a surface is much less
and a very intense X-ray source is needed. The emergence of powerful synchrotron
sources in the beginning of the 1980’s overcame this problem.
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Figure 4.1: Left: Friedrich and Knipping’s first successful diffraction photograph. Middle
and Right: Diffraction photograph of zincblende along the three and four fold axes respectively
[54].
4.3 Bulk Diffraction
Without the use of synchrotron sources surface X-ray diﬀraction becomes quite a chal-
lenge, experiments on high Z materials are still feasible with lab sources [56], however
the study of a solid-liquid interface is basically impossible due to the inherent absorp-
tion associated with penetrating either the solid or the liquid. Before the advent of
synchrotron sources X-rays were therefore mainly used for bulk diﬀraction.
When performing a diﬀraction experiment on a bulk crystal the X-ray beam is aimed
at the crystal and the incoming beam is scattered in a speciﬁc direction by the electrons
of the crystal. The incoming beam is deﬁned by wave vector Ki while the outgoing
vector is deﬁned as Kf . Here |Ki| equals 2piλ where λ is the X-ray wavelength. The
momentum transfer Q is then deﬁned as:
Q = Kf −Ki . (4.1)
Because of the low scattering cross section of X-rays, under many conditions kinemat-
ical (or single) scattering theory applies. When applicable the scattered amplitude is
the sum over all individual contributions with appropriate phase factors:
E = E0
∫
ρ(r)eiQ·r dr , (4.2)
with E0 containing all pre-factors, ρ(r) the electron density and r the position. The
crystal diﬀracting the X-ray beam is of course built from atoms. However, due to the
symmetry present in crystals repeating structures, larger than the individual atoms,
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can be identiﬁed (see for instance ﬁgure 2.1(b)). These identical, so-called unit cells,
are arranged in a crystal according to a crystallographic lattice with vectors a1, a2 and
a3. Equation 4.2 can therefore be rewritten as a summation over many identical unit
cells contributing equally except for a phase factor:
E = E0
all
unit cells∑
n1,n2,n3
eiQ·Rn ·
∫
single
unit cell
ρ(r)eiQ·r dr , (4.3)
with Rn = n1a1+n2a2+n3a3 a real-space vector that indicates the position of unit cell
n. The summation in equation 4.3 is only non-zero when Q, the momentum transfer,
equals a reciprocal lattice vector H:
H = hb1 + kb2 + lb3 , (4.4)
with h, k and l the diﬀraction indices and b1, b2 and b3 the reciprocal lattice vectors
which are deﬁned by
ai · bj = 2piδij , (4.5)
where δij is the Kronecker delta, which takes the value 1 when i is equal to j, and 0
otherwise. The summation over the unit cells can now be written as:
all
unit cells∑
n1,n2,n3
eiQ·Rn =
all
unit cells∑
n1,n2,n3
e2pii(hn1+kn2+ln3) . (4.6)
This shows that the contributions of all unit cells are only in phase when the h, k and l
indices are all integer, which means that diﬀraction only occurs for points in reciprocal
space, each point corresponding to a reﬂection or bulk Bragg peak (ﬁgure 4.2).
Since the unit cells are all identical, the total scattered amplitude is proportional to
the amplitude from a single unit cell, which is called the structure factor F :
F uhkl =
∫
ρ(r)eiQ·r dr =
∑
j
fje
−MjeiQ·Rj =
∑
j
fje
−Mje2pii(hxj+kyj+lzj) . (4.7)
Here fj is the atomic scattering factor, e
−Mj the Debye-Waller factor that accounts
for the thermal vibrations and rj = xja1 + yja2 + zja3 the position of atom j inside
the unit cell. The coordinates xj, yj and zj are called fractional coordinates. In the
structure factor F , the integral over the charge density ρ(r) within the unit cell is thus
replaced by a summation over the contribution of the individual atoms within the unit
cell. Equation 4.7 also shows that the amplitude of a reﬂection is not changing due
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Figure 4.2: Diffraction from a bulk crystal, with left the crystal in real space including the
lattice vectors and on the right the situation in reciprocal space, where diffraction occurs at
points in reciprocal space. The gray planes on the right are only used to indicate positions
with respect to the h, k and l vectors, they are not a measure of the intensity.
to inversion, i.e. (hkl) = (h k l) unless fj, the atomic scattering factor, is containing
anomalous dispersion corrections. The structure factor plays a central role in the solu-
tion and reﬁnement of crystal structures because it represents the quantity related to
the intensity of a reﬂection which depends on the structure giving rise to that reﬂec-
tion and is independent of the method and conditions of observation of the reﬂection.
It is, however, impossible to measure structure factors directly because the diﬀracted
intensity Ihkl is proportional to the square of the amplitude of the structure factor:
Ihkl ∝ |Fhkl|2 . (4.8)
By measuring the intensity for a speciﬁc bulk Bragg peak the amplitude of the structure
factor can thus be found. From the amplitudes of many diﬀerent Fhkl’s, the positions
of the atoms in the unit cell can be derived, i.e. the structure of the crystal can be
determined. For a more thorough explanation of bulk diﬀraction further information
can be found in [57] and [58].
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4.4 Single Layer Diffraction
For a two dimensional crystal with the thickness of a single unit cell, the calculation
of the scattering amplitude from a single layer is similar to that of a bulk crystal, but
now the summation over all unit cells is only over the two in-plane directions:
E = E0F
u
hkl
all
unit cells∑
n1,n2
eiQ·Rn = E0F
u
hkl
all
unit cells∑
n1,n2
e2pii(hn1+kn2) . (4.9)
The result of this summation is that along the in-plane directions no change is observed.
Diﬀraction still occurs if the indices are integer. However, in the out of plane direction
there is no periodicity, and therefore there is no restriction on the value of the diﬀraction
index in that direction. Diﬀraction from a single layer thus occurs along continuous
lines, so-called rods, in reciprocal space, instead of points for a bulk crystal (Figure
4.3). The perpendicular direction (or z) is chosen to be along the diﬀraction index l.
The diﬀerent rods are denoted by integer indices h and k while l is continuous.
UnitCell
Diffraction Rod
Real Space Reciprocal Space
l
h
k
Figure 4.3: Real and reciprocal space of a single crystalline layer. There is no periodicity
along the perpendicular direction, and diffraction occurs along continuous rods.
4.5 Crystal Truncation Rods
The calculations for the diﬀracted amplitude from a crystal with a perfectly ﬂat surface
that has the same structure as the bulk is similar to that of a bulk crystal. The incoming
X-ray beam will be slightly absorbed by the crystal and therefore the topmost layer
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will see a slightly larger intensity than the lower layers. Along the x and y directions
all the contributions are the same. The summation over all unit cells now becomes:
E = E0
∑
n1,n2
e2pii(hn1+kn2)
0∑
n3=−∞
e2piiln3eαn3F uhkl , (4.10)
with α an attenuation factor. The ﬁrst sum is the same as for the single layer and
leads to a reciprocal space with intensity along diﬀraction rods h and k. The second
summation describes the contribution for a single column of identical unit cells, each
with structure factor F uhkl with an appropriate phase factor and with absorption taken
into account. Evaluating this last summation separately, one obtains:
F bulkhkl =
0∑
n3=−∞
e2piiln3eαn3F uhkl =
F uhkl
1− e−2piile−α . (4.11)
As seen in equation 4.8, the intensity will be proportional to the square of the previous
equation:
Ibulkhkl ∝
∣∣F bulkhkl ∣∣2 = |F uhkl|2(1− e−α)2 + 4e−α sin2 pil . (4.12)
Since absorption has only an eﬀect near bulk Bragg peaks, it can be ignored and the
amplitude takes the form: ∣∣F bulkhkl ∣∣ ≈
∣∣∣∣ F uhkl2 sin pil
∣∣∣∣ . (4.13)
The amplitude rises to high values for integer l, i.e. at the positions of the bulk Bragg
peaks. Because of the presence of a ﬂat surface, however, there is a tail of weak
scattering connecting the bulk Bragg peaks. These intensity tails are called crystal
truncation rods (CTRs) [59]. The diﬀraction indices h and k are integer while the
index l is continuous for a CTR (see ﬁgure 4.4).
Exactly in between two Bragg peaks, i.e. for l = 0.5 + n in the example, the factor
|2 sin pil|−1 equals 1/2. At this so-called anti-Bragg position, where the contribution
from consecutive layers is out of phase, the structure factor amplitude equals that of
half a bulk unit cell. For the case |F uhkl| = 1, the CTR proﬁle is given in ﬁgure 4.5 left.
Equation 4.13 for the amplitude of a crystal truncation rod suggests that a maximum
occurs for each integer value of l. This needs not to be true, because the structure
factor of the bulk unit cell also has to be taken into account. Due to the symmetry
in the crystal structure, some integer l-values may not correspond with maxima in the
amplitude and the l spacing between subsequent bulk reﬂections on a rod can diﬀer.
Figure 4.5 right shows such an example, the (1 0)-rod of (111) oriented silicon.
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Specular RodCrystal Truncation Rod
Figure 4.4: Real and reciprocal space of a crystal with a flat top surface. Reciprocal space
consists of crystal truncation rods, i.e. diffraction rods in which the strong bulk Bragg peaks
are connected by weak tails of diffuse intensity originating from the surface of the crystal.
Figure 4.5: (Left): The amplitude along a crystal truncation rod, assuming the amplitude of
a single unit cell to be equal to 1. Bulk Bragg peaks occur for integer values of the diffraction
index l. The amplitude at these points is determined by the absorption in the bulk crystal.
Exactly in-between the bulk Bragg peaks, the amplitude is 1/2, i.e. half the amplitude of a
single unit cell. (Right): The (1 0) crystal truncation rod of silicon (111). Because of the
internal structure of the unit cell, the profile has more variation in intensity than visible in the
left picture, in this case not all integer values correspond with a bulk Bragg peak.
4.6 Surface diffraction
In general, a crystal will not terminate in a perfectly ﬂat surface with the bulk struc-
ture. Instead, the top layers may relax, the surface may be reconstructed, the surface
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may be rough or a combination of the above may occur. In order to calculate the
diﬀracted amplitude in this general case, the summation over all separate contribution
(the kinematical approach) can still be applied. It is now convenient to divide the
crystal into a bulk and a surface part in which the bulk does not relax, reconstruct or
exhibits roughness, while the surface part can.
E = E0
∑
n1,n2
e2pii(hn1+kn2)
(
0∑
n3=−∞
e2piiln3eαn3F uhkl +
∑
j
fjθje
−Mje2pii(hxj+kyj+lzj)
)
. (4.14)
The left-most summation yields again the rod structure of reciprocal space. The ﬁrst
summation in the brackets is over the part of the crystal that has the bulk structure,
equal to equation 4.11. All the contributions from the layers on top of this form the
surface contribution.
F surfhkl =
∑
j
fjθje
−Mje2pii(hxj+kyj+lzj) , (4.15)
where θj is a “roughness factor” describing the occupancy per atom. The total structure
factor is the interference sum of the bulk and surface contributions:
F tothkl = F
bulk
hkl + F
surf
hkl . (4.16)
The intensity is proportional to the square of this:
I ∝ ∣∣F tothkl∣∣2 = ∣∣F bulkhkl + F surfhkl ∣∣2 . (4.17)
Here it is apparent that the surface contribution will modify the total structure factor
amplitude if the surface structure diﬀers from the bulk. If the surface is not recon-
structed, the surface unit cell can be chosen to be the same as the bulk. Reciprocal
space will look like ﬁgure 4.4, though the shape of a rod will now also depend on the
details of the surface structure, e.g. the amount of relaxation.
Figure 4.6 shows a calculated rod proﬁle in which the spacing between the two top
layers is contracted by 10%. A signiﬁcant deviation is visible from that of the bulk
terminated surface, it is however also visible that these deviations occur far from the
bulk Bragg peaks and that the measured intensities are quite low.
The case in which the surface does reconstruct remains. In this case the surface unit
cell will be bigger than the bulk unit cell and two types of rods are present. The bigger
surface unit cell will cause non-integer or fractional order rods like displayed in ﬁgure
4.3 which do not intersect any bulk Bragg peak while the underlying bulk crystal will
generate integer order or crystal truncation rods at the same time. The possibility of
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measuring fractional order rods in the experiments described in the next chapters is
limited. First of all because reconstructions of the surface are not expected, as ex-
plained in section 2.2.2. Secondly, the peak of a fractional order rod is often much
wider as a peak found in a normal rod. The increases in width is caused by the correla-
tion length of the surface reconstruction which is not good as that of the bulk crystal.
Even though the integrated intensity of a fractional order rod is comparable to that of
twice the minimum of a normal rod the correlation length makes fractional order rods
quite diﬃcult to measure. This is especially the case when the signal to noise ratio is
not very good, for instance due to a liquid covering the interface under investigation.
For this reason no attempt was made to measure any fractional order rods in any of
the experiments presented in the following chapters. For a thorough explanation on
surface reconstructions [60] is recommended.
Figure 4.6: The structure factor amplitude for the (10) rod of a simple cubic crystal with a
top layer spacing that is 10% contracted. The calculated contributions from the single surface
layer and the bulk are shown, together with their interference sum. Only the latter, denoted
as “total”, can be measured experimentally. Sufficiently far away from the bulk Bragg peaks,
there is a strong difference between the amplitude of a bulk terminated surface and this relaxed
one.
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4.7 Diffraction from a solid-liquid interface
The sections above are describing a crystal surface in vacuum, however they apply also
to a buried interface. In this case the surface part of equation 4.16 contains the liquid
plus the relaxed/rough/reconstructed bulk. The liquid might contribute to the mea-
sured signal, the contribution depends strongly on the rod under investigation though.
Assuming only 1 ﬂat layer of liquid is on top of the bulk, this liquid can be totally
disordered in the horizontal plane (ﬁgure 4.7(a)) or be partially ordered (ﬁgure 4.7(b)).
In the ﬁrst case no contributions are present in in-plane rods (in the image: h 6= 0, the
same holds for the k direction) because there is no in-plane Fourier component. How-
ever, a contribution is seen in the specular rod which is insensitive to lateral ordering.
There will be a diﬀuse contribution visible in the in-plane direction (dashed lines in
ﬁgure 4.7). This is no rod however. The liquid will have a characteristic atom-atom
distance corresponding with a maximum in the pair-correlation function which is only
found in the in-plane direction since there is only 1 layer of liquid present.
(a) (b)
Figure 4.7: (a): A completely liquid layer that contributes to only the specular rod. (b):
A layer with intermediate order that has a contribution to the substrate rods that decreases
rapidly for increasing in-plane momentum transfer. The vertical dashed lines indicate the
cylinder of diffuse scattering originating from the pair correlation in the liquid.
In general it is expected that a liquid so close to a solid is neither fully ordered, nor
fully disordered, leading to the situation visualized in ﬁgure 4.7(b). The partial order
in the in-plane direction leads to small contributions to rods with in-plane momentum
transfer, indicated with a diﬀuse line over the bulk contribution which gets weaker for
increasing in-plane momentum transfer (|h| or |k|). This again implies that the contri-
bution of the liquid is strongest in the specular rod. By measuring a set of rods with
diﬀerent in-plane momentum transfer, the structure of the crystal, which is dominant
at large momentum transfer, can be separated from the liquid, which is most important
in the specular rod, and a complete structure of the interface can be determined [61].
The ordering properties of the liquid layer can conveniently be described using aniso-
tropic Debye-Waller parameters in equation 4.15 together with partial occupancies if
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necessary [61]:
e−Mj = e
(
−B
j,‖
Q2
‖
16pi2
)
e
(
−B
j,⊥Q
2
⊥
16pi2
)
, (4.18)
with B‖ and B⊥ the Debye-Waller parameters along the parallel and perpendicular
direction, respectively. B is related to the mean-square thermal vibration amplitude
<u2> by:
B = 8pi2 < u2 > . (4.19)
In the cases describing buried interfaces, often one single layer of liquid will not suﬃce.
In that case additional layers will be needed to ﬁt all the measured data. There are
some consequences for the ordering of the liquid if the distance towards the solid sur-
face increases. Firstly, a larger distance means that the ordering induced by the solid
surface will be less pronounced mainly leading to increasingly bigger Debye-Waller fac-
tors. This is in principle visible on all rods. However, since the in-plane order of a
liquid is not very pronounced in the ﬁrst place, this contribution is in most cases lost
after one or two liquid layers. The out-of-plane order is often visible to a much larger
Surface
Bulk
Solid-
Liquid
Interface
Liquid
Bulk
Surf+Liq
Both
Figure 4.8: Contributions of the surface layer plus the liquid (Surf+Liq) and bulk lead to a
measurable interference sum indicated as Both. Here it is shown that the liquid has a specific
layer distance close to the surface leading to a layering peak represented as a light gray circle
and a peak visible around l = 3.
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scale especially if the specular rod is fully measured at very low l-values. The ordering
of the liquid above a surface might give rise to layering of said liquid which can extend
over several atomic or molecular layers. This layering is found on the specular rod at
a point in reciprocal space Q = 2pi/d, with d the layer spacing and Q = 4pi sin(θ)/λ
the momentum transfer (where θ is half the scattering angle and λ is the wavelength).
Such a layering signal, often also called a quasi Bragg peak (see also ﬁgure 4.8), was
found at the AuIn-InP(111) interface, giving evidence of a layering distance of 2.3 A˚
[62]. Densiﬁcation and/or layering phenomena which appear on a length scale several
times the layering distance are expected to show up at lower momentum transfer in
the scattering pattern of the specular rod.
Additionally, for a 3D liquid a sphere with diﬀuse scattering, comparable with the
cylinder in a single layer ﬂuid (ﬁgure 4.7(b)) will be present in reciprocal space with
isotropic intensity representing the atomic pairing. This speciﬁc signal does not con-
tribute to the ordering at the interface and is easily subtracted during data analysis.
CHAPTER 5
A SAMPLE CHAMBER FOR IN-SITU
HIGH ENERGY X-RAY STUDIES OF
CRYSTAL GROWTH AT DEEPLY
BURIED INTERFACES IN HARSH
ENVIRONMENTS
We introduce a high pressure high temperature chamber for in situ synchrotron X-
ray studies. The chamber design allows for in situ studies of thin film growth from
solution at deeply buried interfaces in harsh environments. The temperature can be
controlled between room temperature and 1073 K while the pressure can be set as
high as 50 bar using a variety of gases including N2 and NH3. The formation of
GaN on the surface of a Ga13Na7 melt at 1073 K and 50 bar of N2 is presented as
a performance test.
Adapted from: A.E.F. de Jong, et. al.: J. Cryst. Growth. 420 (2015) 84–89
5.1 Introduction
Interfaces are encountered on a daily basis. Examples are the formation of an interface
between immiscible ﬂuids, like oil and water; artiﬁcially bonded wafers, like microelec-
tromechanical systems (MEMS); a solid in contact with its melt, like water on ice;
a metal in contact with a semiconductor, like a Schottky contact; growth of single
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crystals from a liquid source, like gallium nitride (GaN) liquid phase epitaxy (LPE)
growth.
The ’buried’ interfaces between two bulk systems, as described above, are often causing
interesting phenomena. Examples are enhanced liquid density [63], liquid order [64] or
liquid layering [61, 63, 65]. These phenomena are important factors with respect to the
mass transport towards the growing interface and therefore growth rate and crystalline
quality. Surface X-ray diﬀraction is capable of resolving a complete 3D structure of
the interfaces described above. However, the structure at the interface is diﬃcult to
investigate with conventional X-ray energies (E ≈10 keV) due to the attenuation by
the material to be penetrated.
The last two decades however, the creation of proper instrumentation [66, 67] at high
brilliance high-energy X-ray sources allowed scientists to start exploring these more
realistic systems and more complex interfacial phenomena [68–71].
Many interfaces in crystal growth are formed in harsh conditions often combining high
pressure, high temperature and dangerous gasses or liquids to form the required mate-
rial. A suitable sample environment is therefore key to investigate the buried interfaces
formed during crystal growth in such environments.
This paper presents a reusable batch reactor speciﬁcally designed for in-situ studies of
growing, heated and pressurized buried interfaces in corrosive environments by means
of high-energy X-ray reﬂectivity (XRR) and crystal truncation rod (CTR) measure-
ments. The use will initially be limited to GaN growth using the Na-ﬂux technique.
However, this is only one of the experiments that can be envisioned.
To the best of our knowledge this chamber is unique in that it is the ﬁrst large volume
cell designed with a carbon ﬁber window that is capable of surface diﬀraction experi-
ments at elevated pressure and temperature using corrosive gasses and liquids. Previous
pressure cells for XRR were not made for temperatures over 360K nor corrosive ma-
terials ([70] and references therein). Pressure cells for CTR measurements are even
more scarce [72], and to the best of our knowledge not available for the combination
we present here.
5.2 Interface diffraction from deeply buried interfaces
Performing diﬀraction from deeply buried interfaces means that one of the materials
forming the interface has to be penetrated. This implies the use of high energy X-rays,
because the X-ray attenuation coeﬃcient (µ) rapidly decreases with increasing X-ray
energy: µ(E) ≅ E−3.
An additional beneﬁt of X-rays is that for increasing X-ray energy the scattering an-
gle of a speciﬁc signal will decrease. This means that for high energy surface X-ray
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diﬀraction (SXRD) signals will be found relatively close to the (000) reﬂection which
reduces the demands for X-ray windows in chambers.
A disadvantage of (high energy) X-rays is that they are not intrinsically surface sen-
sitive and the bulk signal can drown the surface signal. By selecting surface sensitive
reﬂections and additionally setting slits to suppress parasitic scattering and increase
the signal to noise ratio this problem is largely overcome. Additionally one can increase
the signal to noise ratio further by choosing small incident angles for CTR measure-
ments, typically equal to or lower than the critical angle of reﬂectivity ensuring total
reﬂection of the incident beam. The small resulting incident angle can lead to com-
plications. Setting an incident angle lower than or equal to the critical angle has a
consequence for the required surface quality. The use of high energy X-rays means
that the critical angle of reﬂectivity is very small, typically around 0.03° at 70 keV.
Even with a focussed X-ray beam, a small incident angle means illumination of a big
surface (e.g. a vertically focussed beam of 8 µm at 0.03° incidence angle will illuminate
approximately 15 mm of the sample surface). For this reason the sample surface has to
be polished to an extremely smooth (surface roughness) and ﬂat (wavyness, curvature)
ﬁnish. A detailed description on SXRD is given elsewhere [52, 73].
The chamber we describe in this paper is designed primarily for transmission SXRD
at high energies. However, the available exit angle for scattered X-rays is chosen so
that bulk powder diﬀraction and bulk liquid scattering, as presented in this paper,
are optional alternative techniques. Additionally the chamber can be used with lower
photon energies. Compared to 70 keV photons where the transmission through the
chamber equals 85%, the transmission at 20 keV is still 68%. Note however that the
incident and exit angles available might become an issue when utilizing X-rays of lower
energy.
5.3 Experimental requirements and chamber design
5.3.1 The Beamline
The chamber is developed for use on the high energy micro diﬀraction (HEMD) stage
[66, 67] at the high energy beamline (ID15) of the European Synchrotron Radiation
Facility (ESRF). The HEMD setup is presented in ﬁgure 5.1.
To improve data acquisition the HEMD setup has been equipped with a 2D Maxipix
detector with Cadmium Telluride (CdTe) direct detection sensor [74]. Such a detector
allows for data collection in the so-called stationary mode [75]. Both the scattering
signal and the background can be determined from a single image and there is no need
for rocking the crystal. This speeds up data collection tremendously. Combining the
use of a pixel detector, the possibility of XRR and CTR measurements, and the use
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of high energies (E ≥ 70 keV) gives fast access to complete 3D structures of deeply
buried interfaces.
5.3.2 Chamber Requirements
The semiconductor Gallium Nitride (GaN) can be grown using several methods. One of
the main techniques to grow high quality GaN crystals used at the moment is growth
from supercritical ammonia with low quality crystalline GaN as nutrient, so-called
ammonothermal growth. This technique requires pressures and temperatures above
100 bar and 650 K respectively. Another technique is the growth using nitrogen gas
instead of ammonia which demands pressures up to 2000 bar and temperatures as high
M CRL Abs Slits M FS LW L-OPT HEMD Detector
Slit Flight tube M
pixel detector
(a)
(b)
Figure 5.1: (a): Schematic of the high energy micro diffraction (HEMD) setup at beamline
ID15 of the ESRF showing from left to right the optics for liquid interface/surface studies
(L-OPT in (b)), the HEMD and the detector table (Detector in (b)).
(b): Top view of beamline setup with M= monitor diode, CRL = compound refractive lenses,
Abs = PMMA Absorber, FS = fast shutter, LW = lead wall, L-OPT = optics for liquid
interface/surface studies, HEMD = high energy micro diffractometer.
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as 2000 K. In both cases the pressure forms a problem since a feasible setup with a 360°
accessible X-ray window for in-situ X-ray diﬀraction is not easily achievable without
risking unsafe working environments. However, there is a third growth technique in
which the pressure requirements are drastically reduced. GaN growth can be performed
at signiﬁcantly lower pressures (P ≤ 50 bar in the case of N2 use, or P ≤ 5 bar in the
case of NH3 use) and temperatures up to 1073 K when adding sodium to the liquid
gallium [76, 77]. Using this last technique, the so-called Na-ﬂux LPE method, a growth
chamber for in-situ X-ray diﬀraction is feasible.
Up to now most experiments to form GaN using the Na-ﬂux method are performed in
stainless steel tubes which are sealed by welding. After the growth is ﬁnished the tubes
are cut open to remove the newly formed material and the highly corroded tubes are
thrown away.
We set forth to create a reusable chamber (ﬁgure 5.2) for in situ optimization of reaction
parameters for the GaN Na-ﬂux growth technique.
The chamber is developed keeping in mind that it has to be transported in and out
of a glovebox to ensure a safe transfer of sodium and liquid gallium into and out of
the chamber. For this reason the chamber dimensions were restricted to that of the
antechamber of the glovebox intended for use which resulted in maximum dimensions
of the chamber equal to 268 mm height (substrate heater fully up) and 200 mm radius.
What follows is a list of the diﬀerent requirements and the solutions chosen for the
chamber.
Pressure and X-ray window Given that Na-ﬂux LPE GaN growth can be per-
formed eﬀectively at pressures up to 50 bar, the chamber is designed in such a way
that the limiting factor is given by the maximum pressure, Pmax, that can be applied
to the X-ray window of the cell.
Often X-ray windows are made of beryllium (Be) or Kapton to ensure high trans-
parency. Since liquid gallium is used in the chamber a Be window is unsuitable because
gallium reduces beryllium to a powder. Also Kapton is not a good candidate because it
will be decomposed by ammonia gas and cannot withstand high tensile forces without
deforming.
For the above reasons carbon ﬁber was chosen as a material for the X-ray window. Car-
bon ﬁber is transparent for X-rays of relatively high energy, it is mouldable in virtually
any shape and can withstand high tensile stress without structural failure. It does give
some small angle and wide angle scattering but this can be subtracted from the signals
of interest. Since carbon ﬁber sheets are held together with an epoxy resin, the resin
has to be inert in the conditions applied to the window. We used three methods to
achieve this. Firstly, by coating the inside of the window with boron nitride paint the
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Figure 5.2: (a): Schematic showing the actuator (0) for moving the substrate, two high
pressure feed troughs (1) (max pressure 250 bar), one safety valve (2) (max pressure 50 bar), 2
gas inlets and 1 gas outlet connector (3). (b): Section view of the furnace’s interior showing:
heater support (4), heater (5), heat shield (6), substrate (7), carbon fiber window (8), crucible
(9), water cooled connection towards actuator (10).
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window does not suﬀer from contact with hot ammonia gas while it remains trans-
parent for X-rays. Secondly, gallium does not deteriorate the quality of the window.
And lastly, the carbon ﬁber epoxy is much more resilient against ammonia attack if
the window is not getting too hot. Since the window is directly cooled by the water
cooled ﬂanges it is attached to, only the small exposed region is heated considerably.
By using two high volume ventilators the exposed part of the X-ray window can be
kept well below 373 K even if the chamber is working at 1073 K and 50 bar for a long
time.
The chamber has been successfully tested using a hydraulic press up to a pressure of
150 bar. This test was performed without attaching the actuator and without internal
components and it assures the safe use at the routine pressure of 50 bar. The safe use
is additionally assured by 4 metal bolts (one of them is visible on the right in ﬁgure
5.2 b) which slightly compress the carbon ﬁber window to reduce the axial load on
the glue holding the window (6500 kg at 150 bar). A disadvantage of the bolts is the
blocking of the X-ray window over a range of 6 degrees per bolt. Depending on the
symmetry of the crystal under investigation the choice for 3 or 4 bolts circumvents this
problem partly.
The radial load on the exposed part of the window (10 mm heigh, 52 mm inner diam-
eter) at 150 bar is approximately 2500 kg. Combining these numbers with a hot and
corrosive environment prompted for a large overcapacity in the accepted maximum
tensile load on the carbon ﬁber window. Initial calculations showed that a window
thickness of 0.5 mm should be enough to contain 150 bar of pressure at room tem-
perature. By choosing a thickness of 2 mm a safe environment in a hot and corrosive
environment should be achievable in terms of the window. The manufacturing of a
2 mm thick carbon ﬁber tube with rims on top and bottom posed a problem, how-
ever. The rim on top and bottom are present to reduce the axial stress on the glue
and to provide a good place to clamp the window. Thin rims are however diﬃcult to
fabricate, especially when they should reduce axial force. By increasing the thickness
of the window from 2 to 4 mm, which consequently increased the amount of material
available to form the rims, this problem could be solved. Additional information on
the fabrication of the window (type of glue, type of epoxy, carbon weave pattern, et
cetera) was kept secret by the manufacturer [78].
All following safety tests were performed with the full chamber assembled. First a
temperature test using 1 bar argon at 1123 K for 2 hours showed that heaters, ther-
mocouples, cable protection, pressure seals and X-ray window were unaﬀected. An
additional pressure test was performed with a mix of 60% nitrogen and 40% ammo-
nia at 5 bar and 1023 K without sodium and gallium to test the compatibility of the
chamber with corrosive atmospheres.
Thereafter, the carbon ﬁber window was tested for radiation damage by irradiating 1
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mm2 of the window for 1 week with 1012 38 keV photons/s. This treatment introduced
a slight discoloration of the inner epoxy layer which disappeared on wiping with a
tissue. Subsequent scans of the carbon ﬁber comparing irradiated and non-irradiated
parts show that the window behaves as an amorphous material without a change in
absorption and diﬀraction on the heavily irradiated part. Compared to the more com-
mon beryllium or sapphire X-ray windows the carbon ﬁber window is reducing the
price while strength and chemical stability are at least equal. Additionally, should the
carbon ﬁber break, it will rip open, reducing damage to other parts while beryllium or
sapphire will fail catastrophically.
Temperature Basic working temperatures for eﬀective Na-ﬂux LPE GaN growth
are reported up to 1073 K. For this reason the chamber is designed to work at a max-
imum temperature of 1123 K at the maximum pressure. Increasing the temperature
further will overheat the carbon ﬁber window. However, if the pressure is reduced to
approximately 25 bar the temperature can be increased to the maximum working tem-
perature of the heaters, 1273 K (heatwave labs model 101275-27). Furthermore both
heaters can be controlled independently to allow the use of a temperature gradient.
Tests show that the applied gradient can be as high as 600 K over 1 cm.
Corrosion protection The chamber is made from inconel 600 steel (Ni ≥72%, Cr
14–17%, Fe 6–10%) to prevent any corrosion by ammonia, evaporated sodium, liquid
gallium or any reaction product (e.g. liquid sodium hydroxide or hydrogen gas). Park
et al. used inconel as crucible material for GaN LPE growth [79] which resulted in
traces of Cr and Fe in the grown GaN. Since we do not have a direct contact between
inconel and metal ﬂux the amount of impurities in GaN originating from inconel should
be signiﬁcantly lower than reported by Park et al.
All cables and feed throughs are coated by Teﬂon to prevent attack by hot ammonia gas.
The temperature of the cables does not exceed 373 K which ensures chemical stability
of the Teﬂon. However, the amount of ﬂuoro-compounds present in the chamber is a
cause of concern if one wants to perform other types of experiments.
5.3.3 The Chamber
The carbon ﬁber X-ray window is marked pink in ﬁgure 5.2b. It is glued to both
the inner (dark grey) and outer (light gray) metal parts. Additionally the outer metal
parts are designed to press inwards, squeezing the window against the inner metal parts
to further prevent leaking. All other seals in the chamber use kalrez O-rings (black)
that are close to a water cooling channel to prevent degradation of the rubber due to
overheating.
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Loading the cell with substrate and metals can be done by unbolting several screws
(light yellow). A sample change can therefore be done without disassembling the win-
dow connections. The crucible (9) can be loaded with the required materials while on
the top heater a substrate can be mounted (7) which has a diameter up to 1 inch. The
substrate can be glued or clamped on an inconel plate that is attached to the physical
heater. The inconel plate protects the heater from being corroded by gallium, sodium
and sodium hydroxide and is easily exchanged.
There are two electrical feed throughs (Spectite WFS 1/4”NTP with exchanged wire
coating, marked (1) in ﬁgure 5.2a), one on the top and one on the bottom designed
to withstand a pressure of 250 bar. The feed throughs are using a teﬂon plug to seal
in the pressure. Additionally, there are four multi connectors of which one is reserved
for a safety valve, marked (2), which opens at 50 bar. The others, marked (3), can
be used for gas lines and a pressure gauge. On the top, marked (0), there is a heavy
duty actuator (PI M-238.5PL) capable of moving the substrate reproducibly while the
cell is under pressure. This speciﬁc actuator was chosen because of its maximum load
capacity of 400 N. The design of the chamber then allowed for a water cooled tube
(marked (10) in ﬁgure 5.2b) with outer diameter of 10 mm which at 50 bar generates
a pushing force just under 400 N. Four consecutive kalrez gaskets (Dupont KF-3074),
compressed by a metal plate on top of the chamber, allow reproducible movements of
the tube on a micrometer scale while gasses remain contained. The whole actuator
and its support structure can be dismounted for easy manipulation and transportation
while preparing for experiments. A picture of the whole cell in operation is shown in
ﬁgure 5.3.
The whole furnace can be cleaned easily, if needed, after an experiment. The furnace,
except for the crucible containing leftover sodium, can be immersed in demineralized
water to remove any sodium hydroxide residue that could form on the furnace walls.
Baking at 373 K in an autoclave will ensure a dry environment for a following experi-
ment.
5.4 Experiment: Na-flux gallium nitride growth at 1073 K
Production of GaN is possible from the gas phase but yields are low due to large
defect densities and crack formation. At the moment high quality GaN wafers grown
in supercritical ammonia are commercially available with diameters up to 1 inch. The
production is however very demanding. The demands for production of GaN using
Na-ﬂux growth are potentially much easier to attain while the quality of the grown
material is much better than achievable with gas phase growth. For these previous
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Figure 5.3: The cell undergoing safety tests for pressure, temperature and corrosion at the
ESRF high energy beamline. Shown are 1: Electrical feed throughs, 2: gas connectors, 3: gas
inlet, 4: gas outlet, 5: detector arm, 6: HEMD diffractometer tower, 7: high volume fan.
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reasons LPE GaN is a likely candidate to compete with expensive high pressure GaN
growth techniques for parts of the market where extreme high quality bulk crystals are
not needed (e.g. LEDs, lasers).
The quality of the bulk GaN crystal is largely dictated by the growing interface. The
development of this interface is largely unknown in the case of GaN. At high pressure
it is diﬃcult to make an accessible optical path for interface characterization while gas
phase reactors are often too bulky to manipulate in their entire form. For these reasons
in situ characterization has been limited. For gas phase growth, some information on
the amount of material grown and very little on its overall quality can be extracted with
the in situ measurement of reﬂected light from a laser parallel to the surface normal of
the substrate [80, chap. 3.4.3]. With conditions of 50 bar, 1073 K, liquid sodium and
liquid gallium, the in-situ characterization of GaN Na-ﬂux growth is possible with our
chamber. Additionally our chamber allows easy investigation of growth parameters like
temperature, pressure and gas composition which normally requires growth of multiple
samples and extensive, often destructive, characterization afterwards.
The experiment The experiment was performed at ESRF beamline ID15B using
an X-ray energy of 87.3 keV. Solid Ga13Na7 was used to ﬁll the crucible. In order to
perform a controlled and well deﬁned experiment the temperature was ﬁrst increased
in 1 bar of Argon gas. When increasing the temperature to 1073 K it was observed
that the metal mix became liquid at a temperature close to 835 K in agreement with
literature [81]. After reaching 1073 K the pressure was increased from 1 bar Ar to
10 bar N2 which was left to equilibrate for 3 hours. Growth of GaN at this point is
possible according to [77], but very unfavorable. Even on the interface between N2 gas
and GaNa mix we did not observe any change in the scattered intensity during the
equilibration time as is visible in top left ﬁgure 5.4.
After increasing the pressure to 50 bar, the ﬁrst image (top right in ﬁgure 5.4) immedi-
ately showed Bragg intensity indicating growth of crystalline material on the interface
between gas and liquid. The Bragg spots became more intense but did not move in
consecutive images which indicates growing polycrystalline material at the edge of the
crucible, as expected from literature [82]. A le Bail ﬁt (bottom ﬁgure 5.4) shows that
the Bragg peaks observed are from hexagonal GaN which indicates that GaN can be
grown with the furnace.
Additional use of a 1 inch diameter GaN seed crystal (e.g. an MOCVD GaN buﬀer
layer on 1 inch sapphire, or an ammonothermally grown 1 inch wafer) which is placed
on the top heater in the chamber can act as a smooth surface on which to perform
surface diﬀraction. A well collimated 70 keV X-ray micro-beam can then impinge the
crystal from one side (see ﬁgure 5.5) and penetrate unrefracted down to the buried
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10bar N2 after 3 hours After 30 seconds of growth
Figure 5.4: Top left: Diffraction pattern taken just below the interface between 10 bar N2
and Ga13Na7 mix. The intense circle is displaying the first liquid diffraction peak of the GaNa
mix. Top right: Diffraction pattern on the interface between 50 bar N2 and Ga13Na7 mix
showing Bragg spots coming from polycrystalline GaN. Bottom: A standard le Bail fit on the
middle image shows intensity on several GaN Bragg positions. The sample was not rotated
during the exposure explaining the absence of other Bragg peaks.
interface [66]. The reﬂected beam which carries information from the buried interface
leaves the crystal on the other side after a full transmission and may be detected in
a standard way. A small correction should be applied for the change in absorption
path length through the whole crystal however. A simple measurement of the total
attenuation factor of the direct beam by the crystal, multiplied by the path length
at speciﬁc angles of incident and exit will suﬃce. Furthermore, when performing oﬀ-
specular CTR measurements the crystal rotates which implies an additional change in
absorption path length throughout one scan unless circular crystals are used.
The chamber is primarily designed for interface diﬀraction at the ID15A end station.
However, the images collected at the ID15B end station, which are presented here,
show the feasibility of the foreseen experiments in this chamber in one image. Nu-
merous Bragg peaks are reachable and not masked by the chamber. The parasitic
scattering visible in the images is mainly originating from the carbon ﬁber window and
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Figure 5.5: Schematic of the envisioned high energy surface X-ray diffraction experiment.
X-rays will pass through the side of the crystal and exit on the other.
is not causing problems for experiments at the ID15A end station unless collimation of
the exiting beam is not discriminating between the origins of the scattering (front car-
bon ﬁber, sample, rear carbon ﬁber), be it because the slits are too far from the sample,
too close to the detector or not closed enough. The solid liquid interface between GaN
and Ga at high pressure and high temperature has been successfully investigated using
the HEMD device at the ID15A beamline in combination with the chamber presented
in this chapter. Those results are presented in chapter 7.
The deterioration of the chamber has been evaluated after several weeks of continued
use. We have not found any damage to the chamber due to the harsh experimental con-
ditions except for the two inconel plates holding the sample and crucible. These easily
exchanged plates, intended to protect the heaters, should be replaced after approxi-
mately 6 months of continuous operation and can be cleaned in between experiments
by slightly sanding them down to remove rough parts of the plate.
5.5 Conclusion
A new experimental setup, enabling high energy surface X-ray diﬀraction and high
energy X-ray reﬂectivity from deeply buried, pressurize interfaces at elevated temper-
atures in harsh environments has been described. To demonstrate the potential of the
new chamber, we have shown that GaN can be formed in the chamber using the Na-ﬂux
method. We have shown that growth occurs on the crucible holding the liquid metal
mix. Further experiments and analyses are expected to provide new molecular scale
information on the structure and order of the GaN-GaNa solid liquid interface during
GaN growth.
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CHAPTER 6
PREPARATION OF A SMOOTH
GAN–GALLIUM SOLID-LIQUID
INTERFACE
We discuss the preparation of an atomically flat solid-liquid interface between solid
gallium nitride and liquid gallium using in-situ surface X-ray diffraction to probe the
interface roughness. For the creation of this interface it is necessary to start the
experiment with liquid gallium which first etches into the solid at a temperature of
823 K in a nitrogen free ambient. After this rigorous cleaning procedure there is
perfect wetting between solid and liquid. The roughness created due to the fast
etching of the solid has to be repaired at a nitrogen pressure of 10-20 bar and a
temperature around 1150 K. The (2,1) crystal truncation rod data are excellently
described by a surface model having 0±0.1 A˚ roughness, which indicates a successful
repair. The lateral length scale over which the roughness is determined has a lower
limit of 750±50 A˚.
Adapted from A.E.F. de Jong et. al.: J. Cryst Growth. 448 (2016) 70–75
6.1 Introduction
The role of interfaces is encountered on a daily basis. Examples are the interface formed
by immiscible ﬂuids, the forced interface between artiﬁcially bonded wafers and, the
topic of this paper, the interface of a crystal in contact with a liquid growth medium.
The abrupt change of the atomic surrounding at interfaces is often at the origin of
56 Chapter 6. Preparation of a smooth GaN–Gallium solid-liquid interface
phenomena such as enhanced liquid density [63], liquid layering [61, 63, 65] and liquid
order [64]. These factors play an important role in mass transport towards an interface
during growth and therefore in growth rate and crystalline quality. An atomic-scale
understanding of crystal growth from solution is a big challenge for contemporary
science, however. The systematic study of solid-liquid interfaces using surface science
techniques is severely hampered by experimental diﬃculties. First of all, the used tech-
niques should directly address the buried interface which means that any probe that
is used requires a high penetration power. The availability of proper instrumentation
[66, 67] using high brilliance high-energy X-ray sources solves this problem and allows
for the exploration of more realistic systems and more complex interfacial phenom-
ena [68–71, 83–85]. Second, the sample preparation is non-trivial. Traditional surface
science is done in ultra-high vacuum, enabling the use of sputtering and annealing in
order to obtain well-deﬁned and clean surfaces. Although in principle this route would
be possible for solid-liquid interfaces, in practice very often the interesting phenomena
that take place at solid-liquid interfaces do not happen in vacuum. On the contrary,
they take place at ambient conditions or even elevated temperatures and/or pressures.
At these conditions, surfaces are not considered to be clean nor well-deﬁned. This
makes for example the contacting and subsequent wetting of the solid by the liquid a
non-trivial task. Pouring a liquid on top of a solid and then perform measurements is
therefore not the best way to start an experiment.
This paper describes a procedure to create a well-deﬁned interface between GaN and
Ga at conditions which are relevant as a starting point for the high nitrogen pressure
solution growth (HNPSG) method. Due to the low uptake of Na in solid GaN [35]
these results could also improve sodium-ﬂux liquid phase epitaxy growth as the proper
formation of an interface likely behaves similar between solid GaN and Na-poor liquid
Ga close to the interface.
The procedure consists of preparing the initial materials in a glove box, in which they
are placed inside a high-pressure sealed furnace. The furnace is then brought to a
synchrotron beamline, where high energy X-rays are used to acquire surface sensitive
diﬀraction signals from which the interfacial roughness is determined. This in-situ
information is used to create a smooth interface. We determined the optimum temper-
ature and pressure treatment to achieve this by exploring two options for roughness
reduction: annealing of the surface after the formation of the interface and slow growth
close to thermodynamic equilibrium.
Probing the surface roughness in-situ adds an additional beneﬁt since it avoids shut-oﬀ
eﬀects that may change the morphology of the interface under investigation [51]. The
preparation of a smooth interface paves the way for future systematic growth studies.
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6.2 The GaN-Ga interface & Surface Diffraction
The eﬀect of surface roughness on the measurability of surface X-ray diﬀraction (SXRD)
data forces investigators to make big eﬀorts to avoid rough crystal surfaces. Crystals
are often annealed [83], grown, etched [84], cleaved [86], polished or a combination of
the above to minimize surface roughness and thus maximize the surface signal. De-
pending on the system some techniques are preferable above others. With respect to
GaN crystals, cleaving is not commonly applied since source crystals are not very big.
Fortunately, polished GaN wafers are readily available and with a proper polishing
technique crystals with a surface roughness below 2 A˚ are reproducibly obtained as
starting material.
Continued growth on GaN crystals, whether they are polished or not, is not easy, how-
ever. Even with careful cleaning procedures, the GaN surfaces have to be pretreated
to create a good and properly clean interface. The only known way to create a good
interface between GaN and bulk liquid Ga is by back etching into the solid [87, 88] at
relatively high temperature where Ga starts wetting GaN [89]. An unwanted byprod-
uct of the back etching is an increase in the roughness of the interface due to the
decomposition of the wafer surface [90], which again poses a serious challenge when
performing surface diﬀraction experiments.
Roughness evaluation Roughness evaluation using SXRD is described in detail
elsewhere [59, 91]. In principle, a description of the complete 3D atomic interface
structure including relaxations, (quasi)-liquid layers and substrate roughness is needed
for a proper evaluation. However, several considerations make the evaluation less
demanding. Firstly, surface relaxations often change the shape of a Bragg peak in
an asymmetrical way. The measurement of a full rod covering several Bragg peaks
therefore makes distinguishing relaxations from roughness straightforward. Secondly,
at high enough in-plane momentum transfer, the quasi-liquid scattering contribution
to the crystal truncation rods (CTRs) is basically zero [61] meaning that the evaluation
can be performed without considering (quasi)-liquid layers. Therefore, we have chosen
to use the (2,1) CTR to evaluate the surface roughness. The roughness we measured
is averaged over several seconds, i.e., the measurement time of a single data point.
The length scale over which X-rays probe the surface roughness is derived from the
width of the diﬀraction proﬁle [52, 91]. Roughness removes intensity from the narrow
Bragg contribution of the diﬀraction proﬁle and distributes this over a broader proﬁle
with a width and shape that depends on the lateral correlation of the roughness. In
many cases, as in the present one, the roughness is uncorrelated and only the Bragg
contribution remains. The experimental width of this proﬁle then corresponds to the
eﬀective length scale over which the roughness is probed. The length scale is deﬁned
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as:
S =
2
∆Qfwhm
, (6.1)
when the proﬁle is Lorentzian shaped. In this equation S is the length scale and
∆Qfwhm the width of the diﬀraction proﬁle. For a Gaussian shape equation 6.1 changes
to:
S =
4
√
ln 2
∆Qfwhm
≈ 3.33
∆Q
. (6.2)
If the surface roughness indicates 0 A˚, it can be concluded that no steps within a length
S are present on the surface. This roughness analysis, based on many experimentally
determined structure factors, works only under stable conditions of the interface during
the measurements, i.e. when the solid-liquid interface is at equilibrium. First of all, it
takes a certain amount of time, on the order of hours, to obtain the data and during
the measurements certain reference signals are measured regularly to check for any
changes. Second, since the scattered X-rays do not carry any information about the
lateral position of steps, the experimental technique does not allow to identify any step
movements.
The full alignment of a crystal to measure oﬀ-specular rods is however, time consuming,
especially if experimental conditions like temperature and pressure have to be changed
frequently. The combination of using the specular rod to observe changes, selectively
followed by scans of an in-plane rod is therefore best practice. However, even the full
alignment and measurement of the specular rod takes a substantial amount of time
if low l-values have to be measured properly. Measurements at high l-values are less
inﬂuenced by small changes in crystal alignment which makes long term observation of
one surface sensitive spot on the specular rod during parameter changes a possibility.
To reduce time demands even more, the availability of the phase diagram is useful.
The decomposition of bulk GaN in contact with liquid Ga and N2 gas (ﬁgure 6.1) has
been investigated by Karpinski et. al. [92] for pressures above 100 bar while another
report [93] describes the phase diagram for pressures below 1 bar. The latter reports
a slight oﬀset from the ideal gas law due to the catalytic nature of Ga on the GaN
decomposition. Repair is expected to occur in the vicinity of the phase transition. If
the temperature is too low, there is no N2 activity and growth is kinetically inhibited.
6.3 Experimental
Ammonothermally grown, epi-ready (001) oriented n-type GaN wafers with a size of
1×1 cm and a miscut of 0±0.2° were bought [94] and repolished using a mechano-
chemical polishing device [95]. This resulted in a surface roughness below 2 A˚ and
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Figure 6.1: The phase diagram for the decomposition and surface repair of GaN in contact
with liquid gallium and nitrogen gas. • and △ for decomposition of bulk GaN crystals, high
pressure data taken from [92], low pressure data from [93]. The dashed line is calculated for an
ideal gas. Our measurements for the repair of the crystal surface are marked  and ♦ indicating
whether surface repair is possible or not.
the surface showed equi-spaced steps on AFM measurements. The wafer was cleaned
and placed in a high pressure, high temperature furnace (chapter 5) which itself was
cleaned using isopropanol and pre-baked in an autoclave for 2 days at 353 K and 1
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mbar to reduce its water content and avoid unwanted oxide formation at the sample
during the experiment. The wafer was held in an inconel slot to avoid lateral move-
ments in the furnace (see ﬁgure 6.2). On top of the wafer a Macor tube, inner diameter
3 mm, outer diameter 6 mm, was placed which itself was stabilized from the top with
an inconel mantle resting on 4 legs. This geometry limits the amount of Ga that needs
to be penetrated, and thus allows access of the solid-liquid interface using hard X-rays.
The choice for 4 supporting blocks on the stabilizer was made based on the six-fold
symmetry of the GaN crystal. With 4 supports at least 4 out of 6 reﬂections can be
reached. This design choice was repeated throughout the rest of the furnace. The
Macor and inconel pieces were cleaned with isopropanol and ultra pure water in an
ultrasonic bath and subsequently baked at 573 K and 1 mbar for one day.
Due to the stability of gallium oxide the gallium used in the experiment has to be
cleaned additionally and inserted into the chamber as a liquid. This is a much better
route than melting solid gallium. In other experiments we found that the very thin
oxide layer formed on freshly etched solid gallium pellets prevents a proper contact
between liquid and solid even after heating to 1173 K. The fact that the oxide layer is
not broken upon liquefaction is probably caused by the increased density and therefore
volume decrease of liquid Ga compared to its solid form.
The cleaning procedure of the gallium is as follows. Gallium, 7N pure, obtained from
Alfa Aesar [96], was liqueﬁed inside a water and oxygen free (≤ 1 ppm) glovebox, the
gallium oxide was removed by transferring the liquid gallium from one glass container
into a second one using a glass Pasteur pipet to extract gallium from the middle of the
Figure 6.2: Cut through of the parts holding the wafer. In blue: inconel base plate; yellow:
GaN crystal; gray: Macor tube; red: inconel stabilizer for the Macor tube. The arrow indicates
the trajectory of X-rays during the measurement of a single point on the (0,0) rod. It can be
seen that for specific orientations of the crystal only the Macor tube and liquid gallium inside
the Macor tube have to be penetrated.
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liquid in the container. The beneﬁt of the transfer is that gallium oxide sticks to glass
while gallium itself does not. Hereafter a new glass Pasteur pipet was used to take
gallium from the second container, again by extracting it from the middle of the liquid,
and transfer it as quickly as possible into the Macor tube resting on the GaN wafer.
The tube was ﬁlled to the top to maximize the weight pushing down on the wafer.
Hereafter, the furnace, now containing a GaN wafer and liquid gallium, was closed and
ﬁlled with argon gas to a pressure of 1.1 bar inside the glovebox. This was done to
reduce the chance for oxygen to enter the chamber during transport to the beamline.
The 10 milliliter liquid gallium which remained in the second container did not solidify
within a 3 month period while being vibrated and supercooled by 10 degrees. That
supercooling by 10 degrees is possible over such a long period for such a large amount
of material indicates its high purity [97].
The furnace holding the crystal and liquid gallium was subsequently placed on the high
energy micro-diﬀractometer (HEMD) [66, 67] at the ID15A beamline of the European
synchrotron radiation facility (ESRF) in Grenoble, France. An X-ray wavelength of
0.1784 A˚ (≈ 69.5 keV) was used throughout the experiment. The beamsize at the
sample was 5×5 µm and images were collected using a Maxipix detector with CdTe
sensor [74]. The sample was aligned in a standard way to allow for surface diﬀraction
measurements on the specular rod around the (0,0,2) Bragg peak [52].
For the ease of alignment and time constraints, the choice was made to use the rod
around l = 2 to follow the interfacial change during the experiment. Thereafter, the
interface was properly formed by increasing the temperature stepwise under ﬂowing
argon at 1.5 bar until roughening occurred. By using an environment without N2,
this roughening due to the decomposition of GaN occurs at a low temperature. Sub-
sequently, argon was changed for stepwise increased pressurized nitrogen at variable
temperature to repair the surface. All these steps where observed using the (0,0,1.65)
reﬂection and selected scans of the full CTR around l = 2. After the return of the
signal to its initial state, the surface roughness of the solid-liquid interface was deter-
mined by measuring the (2,1) CTR.
After the experiment, the sample was cleaned and the remaining liquid gallium was
removed using hydrochloric acid (HCl) followed by a rinse in ultra pure water and
blow drying in dry nitrogen. AFM images were taken ex-situ to access the surface
morphology and the possible inﬂuence of the shut-oﬀ eﬀect.
6.4 Results & discussion
Creating the interface Comparing the alignment of the (0,0,2) Bragg peak with
the surface normal showed that the wafer had a miscut of 0.046°, which corresponds
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to an average terrace width of approximately 3200 A˚. The rod around l = 2 could be
measured between l = 1.3 and l = 2.7 (blue line in ﬁgure 6.3. A ﬁt to the data using
only the bulk GaN crystal structure without reconstructions and surface relaxations
yields an RMS surface roughness of approximately 2 A˚.
The back-etching of the crystal surface was monitored in Ar atmosphere on the (0,0,
1.65) reﬂection which showed a drop in intensity after reaching a temperature of 823
K. Compared to the temperature mentioned in [90] our ﬁnding of the onset of surface
decomposition is 170 degrees lower. This is probably due to our much more sensitive
observation technique. The change in intensity is attributed to the instability of the
GaN crystal at elevated temperatures. Before the decrease in intensity a proper inter-
face between solid and bulk liquid did not exist. Therefore, the roughening of the GaN
crystal can initially only be described by the escape of nitrogen from the crystal lattice.
Due to the escape of nitrogen from the crystal surface, liquid gallium is created which
is directly attached to the crystal. Depending on the temperature this can be in the
form of droplets or a fully wetted ﬁlm [89]. In any case, the connection between the
droplets or thin ﬁlm and the bulk liquid above then leads to a fully wetted solid-liquid
interface.
Since annealing of the interface can cause a high mobility of the surface atoms which
can move to a thermodynamically more favorable place, this could decrease the surface
roughness. However, increasing the temperature to 973 K resulted in a drastic increase
in surface roughness to approximately 6 A˚ (green dots in ﬁgure 6.3). Increasing the
temperature to 1073 K decreased the intensity even more. Apparently under these
conditions the surface decomposes not only at the step edges, but also on the terraces.
Thus a high-temperature anneal without N2 cannot generate a smooth surface. The
fact that back-etching occurs means that a full contact between GaN and Ga is present
and that growth and surface repair is possible. At this point the estimation of the
interfacial roughness using the specular rod is probably inaccurate since the contact
with the gallium liquid on top might inﬂuence the actual value. This is conﬁrmed by
the more asymmetric form of the specular rod after roughening the initial surface.
Repair of the interface As was done for the surface roughening, the intensity of the
(0,0,1.65) reﬂection was used to follow the increase in signal due to surface repair. The
ﬂowing argon was ﬁrst replaced with ﬂowing nitrogen at 1.7 bar and a temperature
of 773 K was set, but under these conditions no eﬀect was observed (black stars in
ﬁgure 6.3). However, a change to a pressure of 20 bar and a temperature of 1123 K
caused a rapid increase in the measurable signal (red triangles in ﬁgure 6.3). Cooling
down to 373 K resulted in intensities on the whole rod comparable to its initial state
(blue triangles in ﬁgure 6.3). In a separate experiment the “repair” was performed at
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a pressure of 10 bar and 1173 K which resulted in a slower, more controlled, increase
in signal over time. These results have been added in the phase diagram of ﬁgure 6.1.
One of the disadvantages of performing the repair at the high temperatures required
while using either 10 or 20 bars of nitrogen is the increase in the width of the bulk
GaN Bragg peaks. The FWHM of the (0,0,2) Bragg peak changed from 0.0056° before
to 0.02° after repair, indicating a decrease in crystalline quality. A repair at higher
pressure and lower temperature might solve this issue. However, the pressures required
to repair the surface at temperatures signiﬁcantly lower than those used in this paper
are not available with the setup used in this experiment.
Due to the connection between the solid and bulk liquid the surface roughness of the
“repaired” interface is no longer determined by the GaN surface only. The interference
of the liquid on top will play an important role in the reﬂected intensity, even relatively
close to a Bragg peak. The determination of the surface roughness was therefore
performed on the (2,1) CTR of the solid-liquid interface. The data and ﬁt are depicted
in ﬁgure 6.4. The ﬁt assumes a variable Debye-Waller factor of only the top-most
Figure 6.3: Measurements of the (0,0) rod around l = 2 showing the initial surface (blue line)
followed by an increased roughness due to back etching (green solid dots). The roughness did
not decrease in low pressure nitrogen (black stars), however at a pressure of 20 bar nitrogen
and 1123 K the roughness decreased (red downwards facing triangles) and almost returned to
the level of the initial surface at 373 K (blue upward facing triangles).
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Ga of unrelaxed Ga-terminated bulk (001) GaN and reveals a surface roughness of
0±0.1 A˚. The surface roughness extracted from the ﬁt of the (2,1) rod is measured
with an incident angle of 0.2 degrees which leads to a footprint of approximately 1.4
mm. Within this footprint the surface roughness is measured according to the lateral
length scale deﬁned in equation 6.2. The full width half maximum of a surface sensitive
peak at (h, k, l) = (2,1,2.8) is equal to 3±0.2 pixels or 165±11 µm (see ﬁgure 6.5). With
a detector-sample distance of 1.3 m, the surface roughness is then determined to be
0±0.1 A˚ over a lateral length scale of 750±50 A˚.
Shutoff effects After the experiment, the temperature was reduced while keeping
the nitrogen pressure at 20 bar. The GaN crystal was cleaned in HCl and images of the
crystal surface were made using a Cypher AFM from Asylum Research. The surface
morphology of the sample ex-situ is quite diﬀerent from what was expected based on
3 Åsurf. rough.
0 Å surf. rough. Inward
Relaxation
Effect
Figure 6.4: The (2,1) rod of the GaN–Ga solid-liquid interface. The large in-plane momentum
transfer of the (2,1) rod leads to a low sensitivity for in-plane preferential order of the interface.
The reflected intensity is therefore a good measure for the surface roughness. Measured data
is shown by circles plus error bars, the solid curve is the fit of the interference sum with free
parameters for the in-plane Debye-Waller factor of only the top-most bulk solid Ga. The
deviations visible in the fit at low l-values are caused by an absence of liquid Ga, while the
deviations at high l-values are caused by an absence of properly integratable data due to a very
low intensity of scattered signal. The simulated influence of 3 A˚ roughness as well as very large
inwards surface relaxation are indicated.
6.4. Results & discussion 65
Figure 6.5: Left: Part of a typical X-ray detector image showing the (2,1,2.8) CTR diffraction
peak. Pixels on the detector are 55×55 µm. Right: 1D integrated projection of the image on
the left. The background (black line) is determined using the integrated intensity in the two
rectangles in the left image and is used as a base for the Gaussian fit (red curve) on the peak
between the two rectangles. The fit of the CTR diffraction peak has a full width half maximum
of 3 pixels which corresponds to a surface roughness length scale of 750±50 A˚.
the X-ray results and most likely caused by a shut-oﬀ eﬀect. There are islands as
well as crystallites present on the surface. The large and ﬂat regions on the surface
resulting in a roughness of 0 A˚ are not visible. The islands as shown in ﬁgure 6.6(a)
can be explained by bubbles of gas present between GaN and liquid Ga during the
experiment. The bubbles are likely stabilized by additional GaN decomposition during
the experiment and the possible presence of gallium oxide during the insertion of the
liquid into the furnace. The crystallites seen in ﬁgure 6.6 are caused by a shut-oﬀ eﬀect.
If the crystallites would be present during the X-ray diﬀraction experiment, the surface
roughness, and especially the length scale on which the roughness is measured, would
reﬂect this. The drop in temperature, while keeping the nitrogen pressure at 20 bar,
is likely causing an increase in the supersaturation of the liquid which forces growth of
new material leading to a rough interface. However, according to the in-situ analysis
the interface is perfectly ﬂat at high temperatures. Other in-situ techniques, like in-
situ microscopy [98–101] or a careful study to minimize shut-oﬀ eﬀects might avoid
the roughness we see using AFM. It would be highly desirable to use such microscopy
techniques for further studies of GaN solution growth and it would advance the current
understanding substantially, in particular by complementing atomic-scale studies as
presented here. However, for our sample and experimental conditions data from such
techniques is not available.
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Figure 6.6: AFM images of the ex-situ GaN crystal surface. (a): an island surrounded by
crystallites. The island is likely caused by a bubble of gas or incomplete wetting between solid
and liquid due to remaining gallium oxide. (b): a zoomed in view of the crystallites. A shut-off
effect is seen as their origin as their presence during the experiment would result in an increase
of the surface roughness and corresponding decrease of the length scale on which a smooth
surface can be characterized.
6.5 Conclusion
We have shown how to prepare an atomically smooth solid-liquid interface between
solid GaN and liquid gallium. Such smooth interfaces are a prerequisite for detailed
atomically resolved GaN growth studies using SXRD. We found that it is imperative
to liquefy the gallium prior to the start of the experiment. However, even the direct
use of liquid gallium does not form the interface. The formation has to be forced by
back-etching the GaN surface. Initially the roughness is most likely created due to the
escape of nitrogen out of the solid, leading to a buildup of liquid gallium on top of the
GaN which can act as a contact for the bulk liquid above.
After the formation of the interface the roughness cannot be repaired by a traditional
annealing method. The repair requires elevated nitrogen pressures at a higher temper-
ature than needed for the initial roughening.
The ﬁnal roughness is found to be 0±0.1 A˚. The use of in-situ X-ray diﬀraction was
essential to determine the conditions to generate this smooth interface. This interface
is perfectly suitable for detailed growth or structural studies using XRD.
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CHAPTER 7
TEMPERATURE- AND
PRESSURE-DEPENDENT STRUCTURE
OF THE GAN–GA SOLID-LIQUID
INTERFACE
We describe the temperature and pressure dependence of the atomic order in liquid
gallium induced by a (001) c-plane gallium nitride substrate. Measurements were
performed by penetrating bulk liquid gallium to allow in-situ observation of the in-
terfacial structure using high energy surface X-ray diffraction. The dependence is
reported in a temperature range from 293 K to 1173 K and a pressure range from
11 to 32 bar. The interface can be described with a total of 9 layers of liquid Ga of
which the first 3 show preferential in-plane order while the remaining 6 exhibit only
atomic layering. The GaN hollow sites are all occupied, but with two different heights
and a relative occupancy that is temperature dependent. We see clear evidence for
Ga dimer formation between the first and third Ga layer. The substrate shows no
significant changes as function of temperature and pressure, but the occupancy of
the top substrate Ga atom is found to be strongly reduced, indicating a surprisingly
large vacancy density of 20%.
Adapted from A.E.F. de Jong et. al. To be published
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7.1 Introduction
The importance of solid-liquid interfaces cannot be overstated since they are present
everywhere. An interface is a thin layer separating two phases of matter that has
properties diﬀering from those of the bulk materials on either side of it. This diﬀerence
means that interfaces are often causing interesting and unexpected phenomena. Exam-
ples are enhanced liquid density [63] and liquid order in the perpendicular (’layering’)
[63, 65] and lateral direction [64, 83]. The studies that describe these eﬀects were typ-
ically targeting quite inert systems which consisted of two very diﬀerent media forced
upon each other. Investigating the interface is more diﬃcult if the liquid medium is (in
part) equal to the solid substrate due to the large amount of exchange possible between
solid and liquid, a situation which is encountered in many cases of solution growth.
It is, however, important to understand the structure of the interface region in such
systems since the structure is an important factor with respect to the mass transport
towards the solid in the case of growth. Knowing the atomic order at the interface
might therefore explain diﬃculties encountered in crystal growth and corresponding
crystal qualities. The changes in atomic order at the interface and the characteristic
width over which the order changes from solid to liquid give insight into the energetics
and kinetics controlling crystal growth which, in turn, determine the crystalline quality
of the end product.
A technologically very important material is gallium nitride (GaN). Industrial scale
growth of GaN is now mostly performed using vapour phase epitaxy (VPE) [102] (e.g.
hydride VPE or metal-organic VPE), yet the surface and crystalline quality of those
kind of crystals are not very good and their thickness is limited. With a lower growth
rate, growth from the liquid phase results in a better crystalline quality. Examples of
GaN growth techniques using liquids are the high nitrogen pressure solution (HNPS)
growth method [29], ammonothermal growth [33] or the sodium ﬂux method [45]. All
three growth techniques use a gallium solution and are capable of producing thick crys-
tals of much higher quality than achievable through vapour phase growth.
The current research on GaN based materials is, however, not targeting the solid-liquid
interface structure, even after four decades of research. Not much is known about the
growth at the atomic scale since it is diﬃcult to study the deeply buried solid–liquid
interfaces like those found in liquid phase epitaxy (LPE) of GaN because it is necessary
to penetrate either the solid or liquid to reach the interface. High energy surface X-ray
diﬀraction is capable of both reaching and resolving the complete structure of a buried
interface if either the liquid or the solid is not too dense. With the advent of high bril-
liance high energy synchrotron sources and the creation of suitable experimental setups
[66, 67, 85] it has become possible to overcome the problems concerning unreachable
interfaces and increase the understanding of the interfacial region encountered in ho-
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moepitaxial LPE of GaN at the atomic scale.
In this study, we present the temperature and pressure dependence of the GaN–Ga
solid-liquid interface structure. The parameter variations used in this study do not
fully cover those needed for high pressure growth, however they do shed light on the
interfacial structure at equilibrium under realistic conditions. Additionally, the results
obtained here can be useful to understand the sodium ﬂux growth method in more
detail. The recent discovery of GaN growth from the liquid phase at pressures below
50 bar and temperatures around 1073 K [103] might increase the options for large
scale and easily scalable industrial growth of LPE GaN. However, to compete with the
current available substrates on the market, quality improvements have to be made.
The knowledge of the interfacial structure combined with a pressure and temperature
dependence of the interface can lead to improved process control, and could possibly
make the sodium ﬂux method a viable alternative to the high pressure techniques,
especially for parts of the market where extreme high quality material is not needed
(e.g. LEDs and lasers).
7.2 Experimental
High quality epi-ready ammonothermal (001) c-plane Ga-terminated GaN crystals
(hexagonal a=3.190 A˚, c=5.189 A˚) with a low miscut were obtained from Ammono [94].
The crystals, with an initial surface roughness of approximately 5 A˚, were re-polished
to a surface roughness below 2 A˚ using a mechano-chemical polishing machine. The
furnace for the experiment, of which the details are described in chapter 5, was cleaned
using isopropanol and was put in an autoclave at 1 mbar and 343 K for two days to
reduce its water contents and avoid excessive oxide formation at the sample during
the experiment. Hereafter, the furnace was loaded into a water and oxygen free (<1
ppm) glovebox where both the GaN crystal and liquid gallium were introduced. The
experimental geometry inside the furnace is depicted in ﬁgure 7.1, where a 3 mm inner
diameter Macor tube was completely ﬁlled with liquid gallium and penetrated by the
X-rays to reach the interface.
The whole furnace was closed and pressurized to 1.1 bar with argon inside the glove-
box to avoid oxygen or water entering the chamber during transport to the beamline.
Speciﬁc details on the sample preparation, gallium cleaning, the creation of the contact
between liquid and solid and the determination of the interface roughness to ensure an
atomically ﬂat interface between GaN and liquid Ga are described in chapter 6.
After creating a well-deﬁned smooth interface, surface X-ray diﬀraction experiments
were carried out using the High Energy Micro-Diﬀraction (HEMD) [66, 67] setup
equipped with a CdTe maxipix 2D detector [74] at beamline ID15A of the European
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X-raybeam
Liquid Ga
Macor
GaN substrate
Inconel mantle
Inconel support
Figure 7.1: A cut-trough of the experimental geometry inside the furnace. The X-rays
penetrate a Macor tube filled with liquid Ga to reach the interface between GaN (yellow) and
Ga (gray). Additionally drawn are: in blue, a slotted plate holding the GaN wafer in place
and in brown, a stabilizing mantle for the Macor tube. To prevent absorption of the X-rays,
the mantle is equipped with 4, 90◦ spaced legs, which are placed to coincide with bolts in the
reactor.
Synchrotron Radiation Facility (ESRF), using an X-ray wavelength of 0.177 A˚ (≈ 70
keV). Initial alignment of the crystal’s surface normal and (002) Bragg peak revealed a
crystallographic miscut of 0.046◦. Crystal truncation rod (CTR) data were collected,
integrated and corrected in a standard way [75]. It must be noted that for small
exit angles, collecting data in the so-called stationary mode is not possible since the
diﬀracted intensity forms a spot which is bigger than the detector surface. At these
points rocking curve measurements ensured properly integrable data. The use of high
X-ray energies and thus small scattering angles, implies that the standard geometric
corrections, such as polarization and Lorentz factor, are of little importance. The most
important corrections turned out to be for the absorption by the carbon ﬁber window,
the liquid Ga and its Macor container wall. The X-ray transmission through the liq-
uid and its Macor container is substantial and changes signiﬁcantly as a function of
incidence/exit angles. Special care was taken to correct for this eﬀect. Nevertheless,
it appeared that the X-ray transmission was not constant for diﬀerent equivalent rods,
which was seen in the agreement between symmetry equivalents. It must be noted
however, that except for the intensity, the shape of the equivalent rods was equal.
Therefore, the reﬁnement procedure was done by assigning each unique rod its own
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scale factor. As usual, the in-plane momentum transfer components will be referred to
as (h, k) and the vertical one as (l), with (h, k, l) the diﬀraction indices. The structure
reﬁnement was performed using the ROD code [104].
To investigate the pressure and temperature dependence of the interfacial structure,
the gas pressure and/or temperature was varied in between several data sets. The pres-
sure ranged from 11 to 32 bar while the temperature ranged from 293 to 1173 K. An
extensive data set covering (0,0) (1,0) (1,1) (2,0) and (2,1) rods plus several equivalent
rods was measured at 473 K and 11 bar. This data set was compared to all other, less
extensive data sets covering the (0,0), (1,0) and (2,0) rods plus equivalences collected
at diﬀerent temperatures and pressures. Data integration of the (2,0) rod, which for all
data sets was measured without equivalences, was diﬃcult due to high intensity diﬀuse
scattering obscuring the actual signal. This led to an over estimation of the signal,
especially visible at the low intensity parts of the rod. For this reason it was decided
to discard the entire (2,0) rod. A summary of the collected data is presented in table
7.1.
The pressure dependence of the structure of the solid-liquid interface is probably small.
Even at the highest pressure of 32 bar used in our experiments, very little nitrogen
will dissolve. From previous studies [105], it is known that at a pressure of 2000 bar,
of the order of 1% nitrogen can dissolve. Therefore, it is not expected that bulk GaN
can grow in a reasonable timespan using our accessible pressure range. The eﬀect of
pressure on the liquid gallium itself will likewise not cause signiﬁcant changes over the
investigated pressure range [106].
Table 7.1: Overview of the measured data sets. The initial number of reflections per data set
is indicated. A scale factor was applied to the individual equivalent rods before data reduction
to compensate for the inhomogeneous thickness of the sample environments X-ray window.
Due to data integration difficulties the (2,0) rod was discarded. Thereafter, the data points
are reduced to a total number of non-equivalent reflections with an agreement factor. * The
agreement at 1123 K is not calculated because equivalent rods were not measured and an
estimated agreement factor of 0.15 was used.
T P reﬂ. non-equiv. agreement (h,k)
(K) (bar) reﬂections factor
293 11 1066 587 0.067 (0,0);(1,0);(2,0)
473 11 2057 915 0.082 (0,0);(1,0);(1,1);(2,0);(2,1)
873 13 419 274 0.185 (0,0);(1,0)
873 27 1435 277 0.137 (0,0);(1,0)
1123 32 279 267 * 0.15 (0,0);(1,0)
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7.3 Results & Model
The data collected at 473 K and 11 bar of nitrogen pressure are shown in ﬁgure 7.2.
Three features are visible in the data that diﬀer largely from bulk terminated GaN in
contact with a structureless liquid, represented by the dashed curve in the ﬁgure. First
of all, a large peak is visible on the specular (0,0) rod around l = 2.7. Secondly, com-
pared to bulk terminated GaN the (1,0) rod shows increased intensity at the minimum
of the CTR between l = 2 and l = 3 while the (2,1) rod shows decreased intensity
at the minimum between l = 1 and l = 2. Lastly, shoulders are visible next to the
Bragg peaks on the (1,1) rod. As discussed in more detail below, these three features
are signatures of layering in the liquid, preferential in-plane ordering of the liquid gal-
lium and the presence of a strongly ordered bi-layer of liquid gallium at the interface,
respectively.
The structural model used for ﬁtting all the data assumes a gradual change from
substrate-induced order in the liquid towards a full liquid behaviour. Very close to the
Figure 7.2: Data and fit obtained at 473 K and 11 bar of N2 pressure. Data are represented
as circles plus error bars, fit as solid lines and bulk contribution as dashed lines. The enlarged
error bars on the (2,1) rod between l = 3 and l = 4 are caused by the very weak signal
(F ≃ σ(F )) and should be considered as an upper limit for the fit.
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Table 7.2: Optimum parameter values for the fit at 473 K and 11 bar N2. The parameters B⊥
and B‖ indicate the out-of-plane and in-plane Debye-Waller factors of which the bulk values
are taken from [107]. x, y and z indicate the fractional coordinates within the unit-cell. θ
is the atomic occupancy of individual layers. The final χ2 value of the fit is also indicated.
The respective errors are displayed in the columns marked with a σ. Parameters that are
non-refined are listed without error bar.
B⊥ B‖ z x y θ
Liquid Ga layers
Ga9 249±7 ∞ 3.36±0.12 - - 0.83±0.09
Ga8 76±5 ∞ 2.99±0.06 - - 0.43±0.08
Ga7 21.6±3 ∞ 2.59±0.05 - - 0.42±0.08
Ga6 18.5±3 ∞ 2.16±0.03 - - 0.62±0.07
Ga5 16.9±3 ∞ 1.80±0.03 - - 0.55±0.08
Ga4 15.4±2.5 ∞ 1.54±0.03 - - 0.63±0.08
Ga3 6.1±1.2 19±3 1.20±0.02 2/3 1/3 0.38±0.05
Ga2 5.8±1.3 6.0±1 1.05±0.01 0 0 0.53±0.07
Ga1 4.2±1.6 6.0±1 0.77±0.01 0 0 0.47±0.05
Bulk GaN unit cell
Ga0 1.1±0.5 1.5±0.3 0.52±0.01 1/3 2/3 0.78±0.06
N 0.7±0.4 0.7±0.3 0.37±0.02 2/3 1/3 1.00
Ga 0.42 0.42 0.000 2/3 1/3 1.00
N 0.44 0.44 -0.123 1/3 2/3 1.00
χ2: 1.58
solid this results in lateral order over about 3 atomic layers. The rods with in-plane
momentum transfer are sensitive to the in-plane position of these Ga layers. Further
away from the solid the in-plane Debye-Waller factor (B‖) diverges, indicating that in-
plane order disappears. However, atoms can still arrange in layers with ordering along
only the surface normal. These layers become increasingly more disordered away from
the substrate as evidenced by an increasing out-of-plane Debye-Waller factor (B⊥),
before assuming a true bulk-liquid structure. This out-of-plane order is visible in the
(0,0) rod. Several variations of this model were tested, but this is the simplest model
yielding a good ﬁt.
As described in 6, the low sensitivity for bulk liquid observed in rods with high in-plane
momentum transfer makes an appropriate ﬁt of only the (2,1) CTR possible without
considering liquid gallium and allows to ﬁnd a surface roughness equal to 0±0.1 A˚.
From the analysis of the full data set we also ﬁnd that the surface has no signiﬁcant
roughness. Using the model described above results in the optimum ﬁtting parameters
76 Chapter 7. T- and P-dependent structure of the GaN–Ga interface
for the data set obtained at 473 K and 11 bar of nitrogen pressure listed in table 7.2.
The model is shown in ﬁgure 7.3. Three liquid Ga layers show in-plane preferential
order. The ﬁrst two Ga layers are both located in the hollow site (H3) of the GaN
substrate with a height diﬀerence of approximately 1.5 A˚ and an occupancy of 0.5.
Above that, a third layer is located at a lateral position corresponding to the top-most
N atom in the solid. The atoms in this layer have a distance of approximately 2.88 A˚
to the Ga1 atom.
The ﬁrst liquid layers are the most important in our discussion. Placing the ﬁrst two
layers on other positions resulted in signiﬁcantly worse ﬁts. Amongst others, the posi-
tions T4 (above N) and T1 (above Ga), the positions calculated for single and double
monolayer GaN–Ga contacts [108], were investigated which resulted in χ2 values around
2.06 and 2.74 respectively. The best ﬁts to all the diﬀerent data sets were obtained with
models assuming a perfectly smooth (i.e. roughness free) GaN substrate. Assuming a
fully occupied last solid Ga layer in bulk GaN seems therefore logical. However, ﬁtting
the data with a fully occupied terminating Ga layer gave very pronounced oscillations
on the (0,0) rod below l = 1. Reducing the occupancy of the last bulk GaN layers leads
to an increased quality of ﬁt seen in a decrease of the χ2 value from 1.83 to 1.58. The
model contains 6 additional liquid layers without in-plane order. With 9 liquid layers
in total, slight amplitude oscillations on the (0,0) rod are still visible below l = 1. The
oscillations below l = 1 that remain after allowing a reduction in occupancy of the
last solid layer are within the error bars of the measurements and are caused by the
relatively sudden stop of the liquid after 9 layers in our model. Adding more liquid
layers does not signiﬁcantly improve the ﬁt. The present data is of suﬃcient quality to
ﬁt all layers independently but this does lead to the small oscillations that are absent
in simpliﬁed layering models [83].
Temperature and pressure dependence The model with 9 layers of liquid de-
scribed above was used to analyse all other data sets to evaluate the temperature and
pressure dependence of the interface. The in-plane rods only showed very slight changes
indicating nearly stable in-plane atomic positions at all investigated temperatures and
pressures. The specular rods (ﬁgure 7.4 (a)) and corresponding z-density proﬁles (ﬁg-
ure 7.4 (b,c)), however, show signiﬁcant alterations due to structural changes.
The model for the liquid Ga is most reliable for the parts that have an eﬀect on all
rods. This corresponds to the ﬁrst three Ga layers that show in-plane ordering. The
additional six layers have only an eﬀect on the specular rod. In the discussion we will
therefore emphasize the eﬀects of the ﬁrst three Ga layers. In ﬁgure 7.4 (b,c), it is seen
that a pressure change at constant temperature does not change the z-density spectrum
as the spectra at 13 and 27 bar are very similar. Diﬀerences that are signiﬁcant occur
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Figure 7.3: A side view of the (001) GaN-Ga interface. 9 layers of liquid are indicated of
which three layers show in-plane order. The lowest two are located in the GaN hollow site and
the Ga3 atom is located above the crystallographic nitrogen position. Bonds in the liquid are
shown between the Ga1 and Ga3 atoms, that thus forms a dimer.
only at high z-values (> 8 A˚) where only liquid layering occurs in very disordered layers
and where the ﬁt at 13 bar is less well deﬁned. The in-plane Debye-Waller factors (see
table 7.3) of the Ga1 and Ga2 layers are reduced after doubling the pressure, indicating
a stabilization of those two layers in the hollow site due to a pressure increase. The
conclusion is therefore, that pressure changes are, as expected for these “low” applied
pressures, not causing signiﬁcant changes in the interfacial atomic structure but mainly
serve as a stabilizing factor for the liquid atoms close to the GaN surface.
7.4 Discussion
The size of our data set, including the specular and several non-specular rods, allows us
to determine the properties of the ﬁrst Ga atoms independently, i.e., without assuming
a constant layer spacing or a monotonically decreasing order. While there are of course
signiﬁcant uncertainties in some of the parameters, the consistency across the diﬀerent
temperatures and pressures as shown in table 7.3 shows that many of the derived
structural parameters are reliable for this technologically important interface.
78 Chapter 7. T- and P-dependent structure of the GaN–Ga interface
Table 7.3: Debye-Waller factors and occupancies for the topmost crystal layer and for the
liquid layers with in-plane order for different temperatures and pressures. The layering peak
position, which indicates the average layering distance in the interface region, and the distance
between the Ga1 and Ga3 atom are indicated as well. The position z is indicated as a fraction
of the lattice constant c (5.189 A˚).
293 K 473 K 873 K 873 K 1123 K
11 bar 11 bar 27 bar 13 bar 32 bar
Debye-Waller factors (B⊥)
Ga0 0.3±2 1.1±0.5 0.7±2 0.7±1 0.7±2
Ga1 2±1 4±2 4±3 4±2 4±1
Ga2 7±1 6±1 5±2 5±2 5±1
Ga3 12±1 6±1 9±3 9±3 6±1
Debye-Waller factors (B‖)
Ga0 0.3±2 1.5±0.3 1±3 1±4 2±4
Ga1 2±3 6±1 6±6 5±7 8±7
Ga2 4±6 6±1 11±8 12±8 9±7
Ga3 4±8 19±3 12±10 16±10 18±10
Occupancies
Ga0 0.81±0.05 0.78±0.05 0.80±0.06 0.78±0.1 0.75±0.08
Ga1 0.41±0.05 0.47±0.05 0.45±0.06 0.32±0.1 0.32±0.05
Ga2 0.51±0.2 0.53±0.06 0.64±0.1 0.66±0.1 0.66±0.1
Ga3 0.42±0.3 0.38±0.06 0.30±0.1 0.25±0.1 0.23±0.1
Ga1+Ga2 0.92±0.21 1.00±0.08 1.09±0.12 0.98±0.14 0.98±0.11
Atomic position (z)
Ga0 0.50±0.03 0.52±0.01 0.51±0.01 0.50±0.01 0.50±0.01
Ga1 0.77±0.02 0.77±0.01 0.76±0.02 0.76±0.04 0.74±0.03
Ga2 1.06±0.01 1.05±0.01 1.04±0.02 1.04±0.04 1.03±0.02
Ga3 1.16±0.02 1.20±0.02 1.18±0.05 1.18±0.07 1.16±0.07
Ga0–Ga1 distance (A˚)
2.30±0.04 2.25±0.01 2.24±0.02 2.24±0.04 2.23±0.03
Ga1–Ga3 distance (A˚)
2.74±0.03 2.88±0.02 2.86±0.05 2.86±0.08 2.87±0.08
χ2
1.62 1.58 0.73 0.67 1.03
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Figure 7.4: (a): The specular rod for different temperatures and pressures. Individual rods
are offset by 1 decade to avoid overlap. (b), (c): The electron density as function of distance
into the liquid for different temperatures and pressures. The origin is chosen as the first Ga
atom in the bulk that is not showing relaxations or vibrational changes. The boundary from
crystal to liquid is indicated with a dashed line. The dash-dotted line indicates the bulk liquid
Ga density. Individual spectra are offset 100 e/A˚. (b): taken from the (00) CTR. This graph
shows the ordering of all layers needed to fit the model. (c): taken from the (10) CTR, layers
without in-plane order do not contribute to this graph.
The surface of the crystal We report a reduction of the occupancy of the top
Ga layer in the solid (Ga0) to a value around 0.8. This reduction indicates that for a
completely ﬂat surface, Ga vacancies should exist. The occupancy decrease is probably
not related to roughness trough surface preparation as the surface is under conditions
where it can repair itself (see chapter 6). Moreover, the ’roughness’ is restricted to a
single layer. In vacuum a ﬂat surface is expected to have vacancies of the order of 1 in
109 [109], much less than what we observe. Our observations are supported by the fact
that similar occupancy reductions have been seen before [61, 110, 111] on smooth salt
surfaces in contact with a saturated solution. In principle, a reconstruction of the GaN
surface might also explain the lower occupancy found in our ﬁts. The non-negligible
amount of dimers in liquid gallium reduces the amount of liquid bonding electrons
available to saturate the dangling bonds of GaN which might lead to a reconstruction of
the solid. However, our ﬁts show no additional indication for a reconstruction over the
entire temperature range, and thus a reconstruction is unlikely. All this indicates that
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under conditions of thermodynamic equilibrium there is a surprisingly large exchange
between solid surface and solution. The reduced occupancy is not really understood
and comparison with theory would be very welcome.
Occupancy of the GaN hollow sites and the presence of dimers In many
solid-liquid interface structures reported it is found that the hollow sites of solid semi-
conductor surfaces are occupied by liquid metal atoms [62, 63, 65, 83, 112–114]. The
same is true for the GaN-Ga system. However, the GaN hollow sites are occupied by
atoms with two diﬀerent positions: close to the surface (Ga1) and atoms further away
(Ga2). The distance between the Ga1 and Ga2 atom is 1.47 A˚ in the z direction which
is unphysical if both atoms are present in the same hollow site. Since the combined
occupancy of the Ga1 and Ga2 layers is very close to 1, unphysical models are avoided
while all hollow sites are, as expected, ﬁlled. At the same time the independent ﬁtting
of the occupancy parameters demonstrates the accuracy of the ﬁt.
The dimeric nature of liquid gallium has often been discussed [106, 115–118] but actual
evidence of the dimers is diﬃcult to obtain from a bulk liquid because of the random
orientation of the dimers with respect to one another. The combination of substrate
induced liquid order, the independent parameters in our ﬁtting and the in-plane in-
formation obtained allow us to determine a distance between the Ga1 and Ga3 atoms
which equals 2.86 A˚. This distance is equal to that found in many polymorphs of solid
Ga [119–126] and is direct evidence for dimer formation. This is corroborated by the
fact that the occupancies of Ga1 and Ga3 diminish together as a function of tempera-
ture.
It is likely that Ga2 will form a dimer with the atoms in layer Ga4, but due to the
lateral disorder of Ga4 we cannot directly conﬁrm this. However, the distances be-
tween the Ga2 and Ga4 layer in the z-direction is approximately equal to the Ga1–Ga3
distance. Especially when allowing free rotation of the dimer the distance seems to
correspond roughly to the Ga dimer distance. Placing the Ga4 atom on the crystal-
lographic nitrogen or gallium position for example, results in a Ga2–Ga4 distance of
approximately 2.84 A˚.
Compared to Huisman et. al. [65, 127] who described a model for liquid Ga in contact
with the reconstructed diamond (111) surface, signiﬁcant diﬀerences are seen. Even
though speculations were made on the preferred gathering of Ga in the “holes” of the
reconstructed diamond surface in their diamond-Ga model, there was no evidence for
in-plane order as the (11) rod showed no changes between clean diamond and Ga-
covered diamond [127]. The layering information obtained from the (0,0) rod showed
evidence for the upright stacking of Ga dimers as solid-like (001) α-Ga planes with a
repeating dimer stacking distance of 3.83 A˚. However, in their case no evidence was
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found for the existence of Ga dimers with a corresponding nearest neighbour distance
of 2.44 A˚ or even any of the other Ga-Ga distances in α-Ga. This lack of evidence is
attributed to the background created by the liquid and solid and the corresponding
high absorption of their “low”-energy X-ray beam. However, it is possible that the
oscillation observed by Huisman et. al. describes the total thickness of the interfacial
region instead of the distance between atoms or dimers.
In our data we do not see evidence pointing to a spacing of 3.83 A˚ or a nearest neigh-
bour distance of 2.44 A˚. Values we observe compare better to β-Ga, in which nearest
neighbour distances range from 2.68 to 2.92 A˚ [125]. Of course the Ga at the interface
with diamond is expected to be diﬀerent from that in contact with GaN. This diﬀer-
ence is clearly indicated by the overlap between dimers in our data and the absence of
overlap in the analysis of Huisman et. al.
Temperature and nitrogen-pressure dependence of the interface In terms of
temperature, it is clear that the largest change in the interface structure is found upon
supercooling the liquid Ga since the specular rod (green in ﬁgure 7.4 (a)) shows a large
deviation at l-values < 1. For l-values > 1, where we are sensitive to in-plane order
closer to the interface the changes are small. In the supercooled state the distance
between Ga0 and Ga1 is the longest at 2.30 A˚. For higher temperatures the Ga0–Ga1
distance reduces to approximately 2.24 A˚ (see table 7.3). Both values are longer than
the GaN bond length of 1.95 A˚, but shorter than expected in solid Ga and shorter than
the lowest energy state of a liquid Ga dimer of 2.44 A˚ [115]. However, the polarization
of the GaN bond, caused by the electronegativity of the nitrogen atom in the solid,
might facilitate a distance shorter than in bulk liquid Ga between the two Ga atoms
at the surface. Solidiﬁcation of the liquid Ga did not occur upon supercooling by 10
K even though lateral order is present in the liquid. This shows that GaN does not
act as an eﬃcient nucleation template for liquid gallium [128]. The change in height
of the Ga0 layers as a function of temperature is small even though we ﬁnd a 0.1±0.05
A˚ relaxation of Ga0 at 473 K. As the absence of a decay model can be a cause of the
deviation and since the electron density of bulk GaN and liquid Ga are almost equal,
relaxations of the GaN crystal structure are not considered signiﬁcant. The jump of
the Debye-Waller factors of Ga1 is signiﬁcant. An increase in disorder of the ﬁrst liquid
layer is seen when heating the liquid gallium from its supercooled state to 473 K. After
this initial change an expected temperature dependent increase of the Debye-Waller
factors is, surprisingly, not observed. An additional observation when increasing the
temperature from 293 to 473 K is the increase in the distance between the Ga1 and
Ga3 atoms from 2.74 A˚, the expected value in liquid Ga [106, 115–118], to 2.88 A˚.
Increasing the temperature further does not lead to a further increase of the Ga1–Ga3
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Figure 7.5: The temperature dependence of the (001) GaN-Ga interface. The 3 layers of
liquid with in-plane order are shown above the GaN surface of which the last layer has an
occupancy of 0.8. (a): Below the Ga melting temperature the spacing between the Ga1 and
Ga3 atoms is 2.74 A˚. (b): At 473 K the Ga1–Ga3 distance increases to 2.88 A˚. (c): At even
higher temperatures there are less dimers present and the occupancy of the Ga2 layer increases
to fill all hollow sites in the GaN crystal structure.
distance. The occupancy of the Ga1 and Ga3 layers drop as the temperature increases
while the occupancy of the Ga2 layer follows an inverse path to keep all hollow sites
ﬁlled. We conclude, therefore, that the GaN hollow sites are occupied by a Ga dimer
which at low temperature prefers a position close to the interface with lower conﬁgu-
rational entropy. Increasing the temperature increases the conﬁgurational entropy as
the Ga1–Ga3 dimer’s occupancy drops while the occupancy of the Ga2 layer increases.
The layers further away from the interface become in all cases increasingly more de-
localized depending on the distance to the crystal, indicating a gradual and expected
decline in order towards a bulk liquid structure. The Debye-Waller factors, occupancies
and atomic distance to the substrate of the in-plane ordered layers are summarized for
all temperatures and pressures in table 7.3 which also lists the distances Ga0–Ga1 and
Ga1–Ga3. Upon doubling the pressure only minor eﬀects for the occupancies were ob-
served which resemble an expected state at a slightly lower temperature. The pressure
dependence is therefore small and the observed structural trends can be described as
a function of temperature only. The trend we ﬁnd for the temperature dependence of
the GaN-Ga solid-liquid interface is visualized in ﬁgure 7.5. In the ﬁgure the 3 layers
of liquid with in-plane order are indicated (Ga1–Ga3). The lowest liquid layer, which
is in the GaN hollow site, and the highest, which is above the GaN nitrogen position,
form a bond.
Similar solid-liquid interfaces The layering peak around l = 2.7 on the (0,0) rod
corresponds to a preferred layer spacing close to the solid in the z-direction which is
approximately 1.5 A˚. This layer spacing indicates a substrate induced liquid density
change, a phenomenon which, though deemed unphysical by Huisman et. al., is found in
other systems as well, see table 7.4. Compared to most prior literature, our model does
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Table 7.4: Structural parameters of the Ga quasi-liquid at different temperatures compared
to reports of liquid density changes in different systems. *Systems using a capped thin liquid
film. For the GaN-Ga system the layer spacing is an average over the first 4 liquid layers. Due
to the correlation in the occupancy fitting parameters it is difficult to give a direct error bar
for the densities. The variation in the values for different temperature shows that the error is
approximately 0.02 e/A˚3.
d(A˚) ρ(e/A˚3) ρ/ρliquidbulk ρ/ρ
solid
bulk
GaN(001)-Ga (293 K) 1.21(54) 1.35 0.83 0.81
GaN(001)-Ga (473 K) 1.32(12) 1.33 0.82 0.80
GaN(001)-Ga (873 K) 1.25(16) 1.33 0.82 0.80
GaN(001)-Ga (1123 K) 1.22(18) 1.33 0.82 0.80
Si(001)-In [63] 2.6 1.4 1.4
Si(001)-Pb [63] 3.2 1.3 1.2
Si(111)-Pb [63] 3.0 1.2 1.1
Si(111)-In [83]* 2.21(2) 1.15(6) 0.64(3) 0.61(3)
InP-InAu [62]* 2.32(4) 1.9 0.6 0.6
Al2O3-Hg [129] 2.66 3.6 1.10(5) 1.104(5)
Diamond(111)-Ga[65] 3.8 1.63 1 1.74
not use a constant layer spacing as the dimers in gallium are not easily described with
a constant spacing. The distance between the atoms in a dimer has to be considered
as well as possible overlap and rotation of the dimers. However, to compare our results
with the literature the average layer spacing and electron density is calculated from
the ﬁrst 4 liquid layers for all investigated temperatures and listed in table 7.4.
The layer spacing is small compared to other systems, as is the density of the interface.
Since the other systems are, except for the InP-InAu system, very inert the solid
behaves mostly as a hard wall. This means that, as stated by Spaepen [130], “the
interface must have zero density deﬁcit.” Applying this density requirement to the
short layer spacing we observed would result in an unphysical model. However, since
the GaN–Ga interface does not contain a hard wall, exchange is possible and extra
vacancies in the liquid are allowed resulting in the two diﬀerent hollow site positions. In
addition the electronical structure of the liquid becomes important. Since the dimers at
the interface are ordered and all hollow sites at the interface should be ﬁlled, signiﬁcant
temperature dependent electron density changes close to the substrate are not expected
though this is diﬀerent for the bulk liquid [131].
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GaN growth The observed interface structure partly explains why GaN growth from
the liquid phase is not easy at “low” temperature, i.e. the temperatures investigated
in this research. It is suggested that nitrogen molecules are cracked at the Ga–gas
interface after which atomic nitrogen is dissolved in liquid Ga. The nitrogen traverses
the liquid to be incorporated in the GaN crystal. Since the highly reactive atomic
nitrogen has to traverse a lot of liquid before it reaches the GaN–Ga interface, chances
are high that it arrives at the substrate as a GaN molecule. This GaN molecule has to
attach to the topmost Ga atom in the crystal. However, the quasi-liquid interface we
described partly blocks incorporation of a new GaN molecule since the top Ga-atom of
the Ga1–Ga3 dimer is located at the extrapolated bulk GaN position. By increasing
the growth temperature, the dimer density decreases and growth becomes easier. Of
course growth mostly takes place at steps for which the situation will be somewhat
diﬀerent. In addition, the low activity of nitrogen gas and the diﬃculty dissolving
atomic nitrogen in liquid gallium are more easily tackled at high temperature and high
pressure and these will lead to strongly enhanced growth at higher temperatures.
Without additional experiments, the situation described here is diﬃcult to extrapolate
to the Na-ﬂux growth method since the GaN-GaNa system could be quite diﬀerent.
The role of the added sodium is mainly to increase the activation of nitrogen, but the
amount of sodium added to achieve this is likely also aﬀecting the interface structure.
For example, if the fraction of gallium dimers in the bulk liquid is also aﬀected by
the use of sodium, its addition to the GaN-Ga solid liquid interface could remove the
gallium dimer at the interface and be one of the causes for the observed high growth
rates at low temperature and low nitrogen pressure.
7.5 Conclusions
We have shown that the solid–liquid interface between solid GaN and liquid gallium
can be determined using high energy surface X-ray diﬀraction and that the interface
structure depends on the temperature. The results show that the whole system can
be described with 9 layers of liquid Ga of which the ﬁrst three atomic layers show
in-plane ordering. Of the three layers with in-plane order the lowest two occupy the
hollow sites of solid GaN at two distinct heights. The third layer is present above the
crystallographic nitrogen position.
The pressure dependence of the interface is small but changing the temperature leads
to several interface modiﬁcations. The independent parameters in our ﬁtting and the
in-plane information allow us to infer dimer formation, in particular between Ga1 and
Ga3. The evidence of this is (1) their separation of 2.86 A˚ for T≥473 K and (2) the fact
that their occupancies decrease jointly as a function of temperature. The temperature
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dependent decreasing presence of the dimer is not leading to hollow site vacancies as
the Ga2 layer’s occupancy increases as a function of temperature to keep all hollow
sites ﬁlled.
The diﬃcult growth of GaN from the liquid phase at low temperature and pressure
can be partially explained with the dimer behaviour. Growth, which most likely takes
place through the incorporation of GaN molecules, is obstructed by the top Ga atom
in the dimer which is located at the growth position. Of course increasing the nitrogen
pressure increases the chance of growth. However, the reduced presence of the gallium
dimer at higher temperature increases the amount of possible growth sites and therefore
plays an important role in the increase of the possible growth speed.
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SUMMARY
Today Blu-ray disk players, Playstations, ﬂat screen TV’s and LED lighting are almost
taken for granted. However, all these items would not be possible without the invention
of light emitting materials covering the blue part of the visible spectrum. The creation
of eﬃcient blue light emitting sources (e.g. LEDs or lasers) was a challenging problem
in semiconductor research over many decades. The reports of eﬃcient red and green
LEDs made from the combination of elements from group III and V in the periodic
table in the early 1960’s led to the believe that the III-V combination of nitrogen and
gallium would have the right characteristics to form a blue light emitter. Chapter 2
of this thesis introduces the properties and applications of gallium nitride (GaN), the
material which solved the blue light problem in the mid-1990’s and resulted in the
Nobel prize in physics in 2014.
After three decades of research, eﬃcient GaN-based blue light emitting sources became
available. However, the yield of the manufacturing methods was low due to the low
quality of the grown GaN. To increase the yield, the quality of the GaN had to be
improved. Chapter 3 describes several methods which were developed to make GaN
crystals of increasingly better quality. These eﬀorts now result in very high quality sin-
gle crystal GaN wafers which are ideal for device production. Nevertheless, the world’s
production of GaN-based blue light emitters is still depending on lower quality starting
materials since the availability of the high quality GaN wafers is low. In addition, the
use of high quality GaN as seed crystal, intended to rapidly increase the stock of high
quality GaN, is contractually prohibited. Consequently, the optimization of the crystal
quality obtained with currently employed methods is still important.
If one could investigate the crystal growth at the atomic scale in-situ (during growth
of new material), optimization of the crystal growth process could be performed much
faster than the currently used tedious trial and error investigations. Chapter 4 de-
scribes surface X-ray diﬀraction, the technique to perform such investigations. After
decades of GaN growth research the use of surface X-ray diﬀraction can address the
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fundamental understanding of the growth which can ultimately result in more eﬃcient
growth procedures and better quality GaN crystals in a much faster way than the stan-
dard trial and error methods have done so far.
The measurements, in which the atomic geometry of the GaN surface and its growth
medium (liquid gallium) are determined, are, however, far from trivial. The measure-
ments require a complicated sample environment able to withstand high pressures and
high temperatures to closely follow the growth procedures of GaN from liquid gallium.
In addition, the measurements require high energy X-rays since not only the whole
sample environment has to be penetrated but also the GaN surface is buried under
a column of liquid gallium. In chapter 5 the sample environment developed for the
investigations is discussed. A brief introduction on the used synchrotron beamline is
given after which the chapter focusses on the sample environment itself. The purposely
built furnace is the ﬁrst high pressure, high temperature device equipped with a car-
bon ﬁber X-ray window accessible over a range of 336 degrees that, by using X-ray
diﬀraction, can facilitate in-situ GaN growth investigations at relevant pressures and
temperatures. At the same time the use of inconel steel prevents corrosion by hot
pressurized ammonia gas and attack by hot liquid gallium. The chapter subsequently
describes a test experiment in which GaN is grown from a liquid gallium-sodium mix-
ture in contact with 50 bar of nitrogen gas. This proves that the sample environment
is capable of properly performing its job.
The rapid oxidation of liquid gallium causes a thick skin of gallium oxide on top of it.
This skin prevents a full contact between solid GaN and liquid gallium. By working in a
glovebox and starting all experiments with liquid instead of solid gallium the inﬂuence
of the oxide skin can be minimized, but this is not enough to form a connection between
solid and liquid. To create a proper connection the GaN surface has to be heated so
high that it partly decomposes. This creates the interface but unfortunately it also
creates a rough crystal surface with which surface diﬀraction experiments become very
diﬃcult. By increasing the nitrogen pressure to 10-20 bar and increasing the tempera-
ture even more, the crystal’s surface roughness reduces rapidly to create a smooth GaN
surface in contact with liquid gallium. The whole procedure is described in chapter
6. The same chapter describes the successful measurement of a crystal truncation rod
(CTR) with high in-plane momentum transfer. Such a CTR signal is sensitive to only
the long range ordered part of the interface. The absence of long range order in a liquid
means that such a CTR can be exploited to easily analyze the surface roughness of the
solid even in contact with liquid is made.
Varying only the topmost atom’s in-plane Debeye-Waller factor to account for its ther-
mal motion, the whole CTR is ﬁtted with a surface roughness of 0±0.1 A˚, indicating
that the repair successfully resulted in a smooth surface. Furthermore, the width of
the CTR diﬀraction signal parallel to the crystal surface indicates that steps on the
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surface are present with a spacing of at least 750 A˚. Ex-situ analysis shows that nu-
merous crystallites are formed on the GaN surface when the crystal is removed from
the liquid. These are most likely caused by a shut-oﬀ eﬀect as they were not observed
during the in-situ investigation. The in-situ analysis can therefore help to create a
suitable interface for continued investigations while ex-situ analysis might obscure this
result.
The full interface structure is the subject of chapter 7. When kept in-situ, the inter-
face is suitable for surface X-ray diﬀraction studies in which parameter changes can be
studied to gain detailed atomic scale knowledge of the interface and its change due to
the applied ambient. The eﬀects of two parameters have been investigated, pressure
and temperature. The eﬀect of the pressure is small, mainly due to the relatively lim-
ited pressure range over which it can be changed in the experiment and over which the
liquid metal is not expected to change much. However, the variation in temperature
shows some surprising results.
So called “layering” of the liquid is observed and up to the highest temperatures inves-
tigated 9 layers of liquid gallium are distinguished at preferential distances from the
crystal surface. In addition, the 3 layers closest to the crystal also occupy preferential
in-plane positions above the crystal surface. In fact, for all investigated temperatures
the preferential in and out-of-plane positions support the presence of gallium dimers
formed by atoms in the ﬁrst and third liquid layer. Since also the occupancy of the
ﬁrst and third layer in the liquid is approximately equal, it is concluded that gallium
dimers are present in the hollow site of the GaN crystal structure.
These results deliver a full 3D atomic scale model of the solid-liquid interface which
can be used to explain some of the diﬃculties encountered in GaN growth from the
liquid phase. At the highest temperatures investigated in this thesis GaN growth is
slow, but possible, even without the addition of catalysts. The high degree of ordering
of the liquid and especially the formation of a gallium dimer close to the solid GaN
can hinder incorporation of new material and its decreasing occupancy for increasing
temperature facilitates faster growth if the nitrogen pressure can be increased enough
to compensate for the changing growth kinetics.
The main conclusion of this work is that the structure of the interface between liquid
gallium and solid GaN has been determined. This opens the road for fast optimization
of growth parameters of the promising Na-ﬂux growth technique, possibly paving the
way for the creation of low cost but high quality, contractually non-limited GaN able
to compete with the current GaN used for large scale device fabrication.
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SAMENVATTING
Blu-ray spelers, Playstations, platte TV’s en LED-verlichting zijn tegenwoordig bijna
vanzelfsprekend. Ze zouden echter allemaal niet bestaan zonder de uitvinding van een
materiaal dat blauw licht uitstraalt. De ontwikkeling van eﬃcie¨nte blauwe lichtbronnen
(bijvoorbeeld licht-emitterende diodes (LEDs) of lasers) was een uitdagend probleem
in de halfgeleiderindustrie gedurende vele decennia. De in de jaren ’60 ge¨ıntroduceerde
eﬃcie¨nte rode en groene LEDs gemaakt van een combinatie van elementen uit groepen
III en V van het periodiek systeem leidde tot de verwachting dat de combinatie van
stikstof (III) en gallium (V) een emitter van blauw licht kon opleveren. Hoofdstuk 2
van dit proefschrift introduceert de eigenschappen en toepassingen van gallium nitride
(GaN), het materiaal dat het “blauwe licht probleem” opgelost heeft in het midden
van de jaren negentig en leidde tot de Nobelprijs voor de Natuurkunde in 2014.
Na drie decennia van onderzoek waren er eindelijk eﬃcie¨nte GaN-gebaseerde blauwe
lichtbronnen. Grootschalige fabricage liet echter nog te wensen over doordat de kris-
talkwaliteit van het GaN laag was. Om de opbrengst te verhogen moest de kwaliteit
verbeterd worden. Hoofdstuk 3 beschrijft verschillende methoden die zijn ontwikkeld
met als doel de kwaliteit van de GaN kristallen te verhogen. De inspanningen uit
het verleden resulteren inmiddels in eenkristallijne GaN wafers van zeer hoge kwali-
teit. De tegenwoordig commercieel verkrijgbare wafers zijn ideaal voor de productie
van elektronische onderdelen als chips, LEDs en lasers. Ondanks dat is de wereldwijde
productie van GaN-gebaseerde elektronica nog steeds afhankelijk van grondstoﬀen van
lage kwaliteit. Dit wordt met name veroorzaakt door het huidige lage productievolume
van hoge kwaliteits-GaN wafers. Bovendien is het gebruik van deze speciﬁeke wafers als
uitgangspunt voor de fabricage van meer GaN van hoge kwaliteit contractueel verbo-
den. Als gevolg hiervan is het op dit moment nog erg lucratief om de huidige productie
van lagere kwaliteit GaN te optimaliseren.
Door het groeiproces van GaN te volgen op een atomaire schaal en in-situ, dat wil
zeggen onder groeiomstandigheden, kan optimalisering van het kristalgroeiproces veel
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sneller plaatsvinden dan men momenteel gewend is. Hoofdstuk 4 beschrijft de ro¨nt-
genoppervlaktediffractie techniek, de´ techniek om dergelijke in-situ onderzoeken uit te
voeren. Deze speciﬁeke combinatie van ro¨ntgendiﬀractie en GaN-groei pakt het fun-
damentele begrip van GaN groei aan en kan daarna ook de al tientallen jaren durende
zoektocht naar eﬃcie¨nter groeiende en betere kwaliteit GaN kristallen versnellen door-
dat parameterstudies in-situ gedaan kunnen worden.
De metingen die nodig zijn om de atomaire geometrie van het GaN oppervlak en het
groeimedium, in dit geval vloeibaar gallium, te onderzoeken zijn echter niet triviaal.
De metingen vereisen een ingewikkelde reactor die in staat is om hoge druk en hoge
temperaturen te combineren met corrosieve condities terwijl tegelijkertijd het grens-
vlak van GaN en vloeibaar gallium toegankelijk moet zijn. Bovendien vereisen de
metingen het gebruik van hoog energetische ro¨ntgenstraling omdat niet alleen de ge-
hele reactie-omgeving gepenetreerd moet worden, maar ook omdat de plek waar de
informatie vandaan moet komen, het GaN oppervlak, “begraven” is onder een kolom
van vloeibaar gallium. In hoofdstuk 5 wordt de reactor besproken die ontwikkeld is
voor dit speciﬁeke onderzoek. Eerst wordt een korte inleiding gegeven over de gebruikte
synchrotron bundellijn, waarna het hoofdstuk zich richt op de reactor zelf. De reac-
tor is het eerste apparaat dat corrosiebestendigheid, hoge druk en hoge temperatuur
combineert terwijl het uitgerust is met een voor ro¨ntgenstralen transparant venster
van koolstofvezel. Tegelijkertijd voorkomt het gebruik van zogenaamd Inconel staal
aantasting door heet ammoniakgas en heet vloeibaar gallium. Het hoofdstuk beschrijft
vervolgens een test experiment waarin GaN is gegroeid vanuit een vloeibaar mengsel
van gallium en natrium dat in contact gebracht is met 50 bar stikstofgas. Dat GaN
gegroeid kan worden bij een druk van 50 bar en een temperatuur van 800 graden Cel-
sius, zonder aantasting van de oven, bewijst dat de reactor goed werkt.
De snelle oxidatie van vloeibaar gallium veroorzaakt een dikke huid van galliumoxide.
Deze huid voorkomt een goed contact tussen GaN en gallium. Door in een handschoe-
nenkast te werken en alle experimenten te beginnen met vloeibaar in plaats van vast
gallium kan de invloed van de oxidehuid worden geminimaliseerd. Echter dit is nog niet
voldoende om een verbinding tussen vast GaN en vloeibaar gallium te vormen. Om
een goed grensvlak te cree¨ren is het nodig de temperatuur te verhogen tot het punt
dat het GaN oppervlak zo heet is dat het ontleedt. Dit cree¨ert het grensvlak, maar
helaas zorgt het er tegelijkertijd voor dat het kristaloppervlak ruw wordt waardoor op-
pervlaktediﬀractie erg moeilijk uit te voeren is. Door het verhogen van de stikstofdruk
tot 10 a` 20 bar en de temperatuur nog verder te verhogen wordt de ruwheid van het
kristal gereduceerd en dit resulteert in een glad GaN kristaloppervlak in contact met
vloeibaar gallium. De hele procedure is beschreven in hoofdstuk 6. Hetzelfde hoofd-
stuk beschrijft de succesvolle meting van een reciproke roosterstaaf (RRS) met een
substantie¨le impulsoverdracht parallel aan het kristal oppervlak. Een dergelijke sig-
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naal ontstaat voor zeer geordende strukturen. Een vloeistof bevat deze orde niet en de
afwezigheid betekent dat dergelijke data kan worden benut om de oppervlakteruwheid
van de vaste stof makkelijk te bepalen ondanks dat er een contact met een vloeistof
gemaakt is.
Om de data te beschrijven met een model waren alleen verhoogde thermische beweging-
en (Debeije-Waller factoren) van het laatste gallium atoom in het GaN kristalrooster
en een variatiemogelijkheid van de ruwheid nodig. Hoewel de vloeistof dus niet meege-
nomen werd, is de data goed beschreven en is voor de oppervlakteruwheid een waarde
gevonden van 0±0.1 A˚. De reparatie heeft dus succesvol tot een glad oppervlak geleid.
Verder geeft de ruwheid in combinatie met de breedte van het diﬀractie signaal parallel
aan het kristal oppervlak aan dat kristallograﬁsche stappen op het kristaloppervlak
aanwezig zijn met een onderlinge afstand van ten minste 750 A˚. De daaropvolgende
ex-situ analyse geeft echter een ander beeld. Op het oppervlak zijn veel kristallieten
gevormd welke tijdens het in-situ onderzoek niet waargenomen zijn. Deze kristallieten
zijn waarschijnlijk gevormd tijdens het afsluiten van het experiment als gevolg van een
zogenaamd “shut-oﬀ” eﬀect. Het mag duidelijk zijn dat de in-situ analyse een heel
ander beeld kan geven van het onderzochte grensvlak en dus ook kan helpen om een
geschikter grensvlak te cree¨ren voor verder onderzoek, terwijl de resultaten van ex-situ
analyse juist het meest geschikte grensvlak kunnen verhullen.
De volledige structuur van het grensvlak inclusief de vloeistof is het onderwerp van
hoofdstuk 7. Het voordeel van de in-situ bestudering van een voor ro¨ntgendiﬀractie
geschikt grensvlak is dat er parameterwijzigingen kunnen worden bestudeerd waardoor
gedetailleerde kennis op atomaire schaal van het grensvlak en veranderingen van het
grensvlak als gevolg van een parameterverandering verkregen kan worden. De eﬀecten
van twee parameterveranderingen zijn onderzocht, druk en temperatuur. Het eﬀect
van de druk is klein, vooral door de relatief beperkte omvang van de drukverandering.
De variatie in temperatuur toont echter verrassende resultaten.
Zogenaamde vloeistoﬂaagvorming, dat wil zeggen de neiging tot het vormen van geor-
dende atoomlagen in de vloeistof als gevolg van een contact met een ander medium,
was zichtbaar tot aan de hoogst onderzochte temperaturen. In elk van de onderzochte
temperaturen konden 9 lagen van vloeibaar gallium onderscheiden worden die elk op
een preferentie¨le afstand van het kristal oppervlak gepositioneerd waren. Bovendien
zijn de 3 lagen die zich het dichtst bij het kristal bevinden ook parallel aan het kris-
taloppervlak preferentieel georie¨nteerd. Ook de in vloeibaar gallium veelvuldig aanwe-
zige dimeerstructuur is waargenomen voor alle onderzochte temperaturen. De dimeren
worden gevormd door atomen in de eerste en derde vloeistoﬂaag en hun aanwezigheid
wordt verder onderschreven door een gekoppelde temperatuurafhankelijke bezettings-
graad van de eerste en derde vloeistoﬂaag. Gecombineerd met de laterale informatie
uit de gemeten data wordt geconcludeerd dat gallium dimeren preferentieel aanwezig
102 Samenvatting
zijn boven de holle roosterposities van de GaN kristalstructuur.
Deze resultaten leveren een 3 dimensionaal, atomair model van het grensvlak tussen
vast GaN en vloeibaar gallium. Dit model kan worden gebruikt om een deel van de pro-
blemen te beschrijven die optreden bij GaN groei uit de vloeistoﬀase. Bij de hoogste in
dit proefschrift onderzochte temperatuur is GaN groei langzaam, maar niet onmogelijk,
zelfs zonder toevoeging van katalysatoren. De hoge mate van ordening van de vloeistof
en vooral de vorming van een gallium dimeer nabij het vaste GaN kan eﬃcie¨nte groei
van nieuw GaN bemoeilijken. De dalende bezettingsgraad van het dimeer, als gevolg
van een stijgende temperatuur, maakt snellere groei mogelijk wanneer de stikstofdruk
voldoende kan worden verhoogd om de veranderende groeikinetiek te compenseren. De
belangrijkste conclusie van dit werk is dat structuur van het grensvlak van vloeibaar
gallium en vast GaN is bepaald. Dit cree¨ert de mogelijkheid voor snelle optimalisaties
van de groei parameters van de veelbelovende Na-ﬂux groeitechniek en daarmee is er
misschien wel een route naar GaN van hoge kwaliteit dat geproduceerd kan worden
tegen lage kosten, terwijl het niet contractueel gebonden is en dus kan concurreren met
het huidige GaN dat gebruikt wordt voor grootschalige industrie¨le toepassingen.
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